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Bacteria may influence the immune system by fermenting dietary fermentable materials 
(DFM) that resist digestion and reach the colon intact. This study investigated how resistant 
protein supplementation could affect the immune systems of female and male Sprague-
Dawley rats. Gnaw sticks are a common environmental enrichment tool included here to 
determine whether they could confound experimental results. Potato protein (PP) increased 
both total short and branched chain fatty acids (SCFA, BCFA) concentrations. The effects 
of dietary protein were influenced by combination with dietary starch. The PP 
supplementation had different effects on some innate and adaptive immune measures 
between sexes. Diet and sex influenced cytokine concentrations, populations of immune 
cells, and production of antibodies. Gnaw sticks had opposing effects on sexes in both 
fermentation and cytokine profiles, and thus they can interfere with data interpretation. 
Dietary supplementation with resistant protein can increase microbial fermentation and 
influence the immune system differently between sexes. 
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Chapter 1. Introduction  
Digestion and Fermentation 
The importance of diet has always been echoed by proverbs like “you are what you eat,” or 
“an apple a day will keep the doctor away.” In the scientific world, increasing evidence shows 
how diet can mitigate symptoms of disease or improve quality of life, although in some cases the 
mechanisms are not fully understood. Diet has been historically linked to diseases such as 
diabetes, coronary heart disease, and more recently to brain neurodegenerative diseases [1, 2]. 
Many studies have shown that diet can affect immune function and or the growth of commensal 
microbes in both rodent models and human studies. 
In order for the host to absorb nutrients effectively, foods must first be digested 
mechanically, chemically, and enzymatically to separate macromolecule polymers into their 
monomer constituents. The majority of human nutrient absorption occurs within the small 
intestine, and the large intestine (colon) was thought to be mostly for water reabsorption. Some 
dietary components resist digestion by human enzymes, but are readily fermented by colonic 
bacteria.  Research over the last two decades has highlighted the importance of bacterial 
fermentation in the colon, and the impact of the intestinal microbiota and its products on the 
immune system.  Bacterial fermentation also contributes to host health by providing additional 
energy sources and bioactive molecules such as short chain fatty acids (SCFA) [3-5]. 
Dietary fermentable materials (DFM) 
Food materials that resist digestion and reach the colon serve as DFM; they are fermented by 
gut microbes to produce metabolites that can influence the host in a variety of ways. For 
instance, DFM are known to increase bacterial load, reduce glycemic responses, and reduce 
weight gain [6].  
 The most common form of DFM is Resistant Starch (RS), made up of α-1,4- and α-1,6-
glucose linkages. RS can be categorized based on source and resistance: RS1 starches are 
typically digestible, but are physically shielded from digestive enzymes; RS2 starches are tightly 
granulized in their native form, and RS3, 4, and 5 are indigestible due to chemical modifications 
(retrograding, esterification) [7]. Foods high in RS2 are green bananas, raw potatoes, and high 
amylose maize starch (HAMS). Starch granules are the result of many condensed chains of linear 
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amylopectin (α-1,4-glucose) and branching chains of amylose (α-1,6-glucose) a higher ratio of 
amylopectin to amylose is associated with an increase in enzymatic resistance. Resistant starches 
are fermented to produce short chain fatty acids (SCFA). 
In contrast, dietary fiber such as cellulose is made up of β-1,4-glucose linkages, and resists 
digestion and fermentation. Dietary fiber is also associated with health benefits such as reduced 
risk for disease (coronary heart disease, stroke, obesity, diabetes, and some IBD), and is reported 
to improve bowel movements and improve immune activity [4]. Fiber contributes to the 
gastrointestinal lumen environment by making it more viscous, and can block interactions with 
cells and receptors. 
The gut microbiome 
Bacteria are ubiquitous in the environment, and make up a major part of our bodies. The total 
number of bacterial cells on and inside a single human was mistakenly estimated to outnumber 
human cells by almost 10:1 [8], but since then this number has been adjusted to roughly 1.3:1 
[9]. This number varies with age, health status, and location. The gastro-intestinal tract (GI tract) 
contains the highest concentration of bacteria in the body, increasing in a gradient from the 
proximal to the distal end. While the majority of these bacteria are commensal, some are 
considered mutually beneficial (I.e. probiotics) and others are considered parasites (true and 
opportunistic pathogens). There is no consensus for the composition of “normal” or “healthy” 
gut microbiota, as this changes throughout life due to factors such as age, health, diet, socio-
economic determinants [10]. However, the literature does agree that increased bacterial diversity 
is usually a good thing. Healthy behaviors (diet, exercise) are associated with increased 
microbial activity and diversity [11]; while unhealthy behaviors (smoking, poor diet, alcohol) are 
associated with decreased microbial diversity and increased comorbidity [12, 13].  
The gut is dominated by several phyla of bacteria such as Actinobacteria, Bacterioidetes, 
Firmicutes, and Verrucomicrobia. Firmicutes and Bacterioidetes represent the majority of gut 
microbes, although proportions vary with age, diet, and environmental factors [14]. In earlier 
studies, a link was identified between the populations of Firmicutes and Bacterioidetes in obesity 
and metabolic disorders. However, this hypothesis proved to be controversial and was not 
reproducible between studies as shown by meta-analysis [15, 16]. The host-microbe relationships 
in the gut are complex and can not be simplified to two phyla to explain the contribution of 
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bacteria to host metabolism. In particular, a current limitation is the lack of standardization 
between international studies, and the fact that differences in methodology may lead to 
statistically significant findings that do not accurately predict biological outcomes [17]. Some 
bacteria have limited catabolic activity, while others can switch substrate metabolism based on 
availability and niche space. Most dietary molecules are absorbed in the small intestine, or 
fermented in the cecum, so most primary metabolites are depleted before the colon, where 
microbial metabolites and ammonia are produced. The cecum is typically dominated by 
Firmicutes, which rapidly ferment carbohydrates, while the colon is dominated by Bacteroidetes, 
more capable of switching to protein fermentation and complex metabolism [18].  
Bacterial enzymes (proteases, lipases, and hydrolases) can contribute to metabolism or 
pathologies. For example, a research group at McMaster University is currently working to 
understand how bacterial proteases can contribute to disease pathogenesis. Their results show 
that bacterial elastase can impact host immune responses that are related to the development of 
food sensitivities, leading to increased sensitization and inflammation of the gut [19]. Their work 
also highlights the importance of microbial antagonism, as another species of bacteria, 
Lactobacillus, are shown to produce amylase trypsin inhibitors that mitigate inflammation in the 
context of wheat-sensitivity disorders. [20]. Host-microbe interactions provide a target for future 
therapeutics in inflammatory bowel diseases (IBD) and food sensitivities. 
Short Chain Fatty Acids (SCFA) 
The major products of bacterial fermentation are weak, volatile, organic acids, known as 
SCFA. They contribute to the GI lumen environment and provide energy to colonocytes [21]. 
Although other metabolites are produced in lower proportions, the three most common SCFA are 
acetate, propionate, and butyrate [21-23]. The addition of organic acids has been shown to lower 
the pH of the GI tract, but the extent of pH moderation is relative to the location along the GI 
tract. For example, rats fed non purified diets ad libitum had cecal and distal colonic pH values 
of 6.14 and 6.87, but when compared to rats that had been starved for 24 hours, the cecal and 
distal colon had risen to 7.40 and 7.37 [24]. Decreased pH in different areas of the GI tract can 
affect digestion of macromolecules, alter microbial communities, and influence the uptake of 
SCFA into cells [25, 26]. In humans, the highest rate of fermentation occurs within the proximal 
colon [7, 27], due to the availability of carbohydrates that passed through the small intestine. The 
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cecum is reduced in carnivores, but is present in omnivores and enlarged in herbivores [28]. The 
bacteria in the cecum enzymatically hydrolyze resistant polymers, and provide SCFA that the 
colonocytes can use. The SCFA can be used for energy or directly stimulate G-protein coupled 
receptors (GPR), such as GPR41 and GPR43, helping promote and resolve inflammation [29]. 
The interaction between SCFA and GPR43 signaling is a molecular mechanism that explains 
how these bacterial products can modulate host immune and inflammatory responses. Mice that 
are deficient in these GPR show symptoms of chronic inflammatory and autoimmune diseases. 
High concentrations of acetate bind to GPR43 (also known as FFAR2, Free Fatty Acid Receptor 
2) to induce neutrophil chemoattraction, and increase the production of reactive oxygen species 
(ROS) [29].  
Acetate, the most abundant SCFA, has been shown to help limit translocation of E. coli 
O157:H7 Shiga toxin from the gut lumen to the blood [27, 30]. This work also identified that 
different strains of bifidobacteria were able to provide different levels of protection against Shiga 
toxin translocation relative to their efficiency of carbohydrate utilization, and the source of 
carbohydrate provided.  
Supplementation with propionate has been shown to increase satiation while reducing energy 
intake and weight gain in adults, through the release of peptide YY and glucagon-like-peptide 1 
from colonocytes [31]. Another publication has shown that propionate binds GPR41 and 
activates ERK1/2 signaling to improve colon barrier function [32].  
Butyrate is the primary source of energy for intestinal epithelial cells in the colon [33, 34]. A 
study by Le Leu et al. in 2009 showed that different preparations of high amylose maize starch 
(HAMS) can have different levels of bioavailable dietary fiber and resistant starches, leading to 
different fermentation efficiencies. This study found that the availability of resistant starch, not 
total dietary fiber, had the most significant impact on butyrate production. In turn, the same study 
found that the increased butyrate concentrations had the most protective effect against 
chemically induced (azoxymethane) tumors [23]. Butyrate can act as a histone deacetylase 
(HDAC) inhibitor, leaving chromatin uncondensed and interfering with gene expression of 
epithelial cells [35]. In addition to promoting an apoptotic response [23], the peripheral effects of 
butyrate have been shown to reduce oxidative stress and prevent age-related muscular atrophy in 
mice by promoting enzyme activity [36]. Even infectious pathogens such as Salmonella enterica 
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are affected by SCFA production. The reduced luminal pH has been shown to mitigate 
Salmonella growth [37, 38], and butyrate has been shown to specifically downregulate 17 genes 
within the Salmonella pathogenicity island 1 [38].  
Taken together, the consumption of fibrous foods rich in resistant starches leads to increased 
microbial fermentation, and SCFA production. Each of the three most common SCFA have been 
shown to influence immune functioning and modulate gene expression. In fact, the promising 
role of SCFA as therapeutic agents for digestive and inflammatory disorders has been recently 
reviewed [39]. 
Branched Chain Fatty Acids (BCFA) 
Similar to resistant starches and fiber, some protein sources are indigestible by human 
enzymes and pass through the small intestine to the colon. The rates of bacterial fermentation are 
highest in the proximal colon due to the availability of carbohydrates, which gradually decreases 
towards the distal end [7, 40]. The bacteria in the colon require a source of nitrogen for protein 
synthesis, and can utilize endogenous urea sources,  which can manifest as a decrease in host 
blood urea nitrogen (BUN) levels when diets are high in RS [113]. The increased metabolism 
creates a demand for nitrogen for protein synthesis to sustain growth and proliferation. Resistant 
proteins (RP) provide an alternative source of peptidyl nitrogen that can be utilized more 
effectively than urea taken from the blood stream. While a certain amount of protein 
fermentation is required, excessive fermentation in the distal colon can lead to the production of 
potentially toxic compounds such as ammonia, amines, and phenols, depending on the amino 
acid sequence being digested [40]. When branched chain amino acids (such as valine, isoleucine, 
and leucine) are deaminated by bacteria such as Clostridium, it can lead to the production of 
branched-chain fatty acids (BCFA). BCFA production can be measured to interpret the rates of 
protein fermentation.  
BCFA have been shown to be contribute to membrane integrity and fluidity, mostly in 
bacterial membranes, but also in some human membranes that need reinforcement. Bacteria 
deficient in BCFA synthesis are unable to grow and divide properly in the L-form state, 
independent of cytoskeletal elements [41]. The role of BCFA in the GI tract of adults has not 
been well documented, but they are important during infant development. BCFA are naturally 
found as a major constituent of breast milk and amniotic fluids, and promote the proper 
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development of the GI tract [42]. This was emphasized by an experiment where BCFA 
supplementation reduced the incidence of necrotizing enterocolitis by over 50% in a neonatal rat 
model [43]. The contribution of protein fermentation and BCFA metabolism to immune activity 
has been understudied compared to the effects of resistant starches. 
Immunology 
The immune system monitors the body for foreign materials and protects against 
infection by pathogens. The gastrointestinal (GI) tract has a much more important role than 
simply directing digestant from mouth to rectum; it is home to the highest density of microbes 
and cells of the immune system [44]. These cells identify potentially pathogenic bacteria and 
promote inflammatory responses to deal with threats, or regulatory responses to dampen the 
inflammation and minimize host damage. At the same time, these cells process dietary antigens 
and tolerate commensal microbes that are beneficial to gut function. In order to identify threats, 
antigens are first processed by professional antigen presenting cells (dendritic cells, macrophages 
or B cells) and presented to T cells to prepare specific responses and facilitate antibody secretion 
by plasma B cells, as part of the adaptive immune response. After a threat has been eliminated, 
immune responses are inhibited by regulatory T cells (Tregs), to return to homeostasis. Although 
the innate and adaptive immune systems are sometimes seen as distinct branches of immunity, 
the relationships are complex and highly interconnected. 
 Innate Immunity 
The body has defenses that are constitutively active, such as physical barriers and circulating 
leukocytes. Different types of specialized leukocytes such as macrophages and neutrophils patrol 
the body looking for foreign threats. This general response is rapid and is effective against a 
broad range of pathogens, but lacks specificity or long term memory. They act as phagocytes to 
ingest and digest pathogens, and then macrophages process and present their foreign antigens to 
naïve T cells. Some innate immune cells are able to learn about pathogens and epigenetically 
modify their gene expression in response to subsequent challenges, in a phenomenon known as 
trained immunity. This does not lead to stable, heritable genetic mutations that affect adaptive 
immunity [45]. Neutrophils are early responders to infection and help to mediate the acute 
inflammatory response through the release of inflammatory and regulatory cytokines (signal 
molecules used by members of the immune system) [46]. They also have been reported to be 
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important for B cell activation, survival, and differentiation through the release of B-cell 
activating factor (BAFF) [47]. Dendritic cells (DC) act as a bridging point between the innate 
and adaptive immune system; they are professional antigen presenting cells (APC) that migrate 
to secondary lymphoid organs such as the lymph nodes to present antigen and initiate the 
activation of T cells [48]. This can direct the immune response to be either inflammatory or 
tolerogenic based on the expression profile of cytokines. Release of IL-10 by DC can lead to 
tolerance, whereas release of IL-12 can induce acute inflammation [48]. These cells use 
specialized pattern recognition receptors (PRR) to identify pathogen associated molecular 
patterns (PAMPS), and discriminate the potential pathogens from commensal microbes [49]. 
Some of the most commonly known PRRs are the Toll-like Receptor (TLR) family, which bind 
different microbial components such as lipopolysaccharide (LPS) by TLR4, or diacyl 
lipopeptides by TLR2 [50]. DC are not the only cell type to use TLRs to identify threats, they are 
also expressed by endothelial and epithelial cells, as well as macrophages, monocytes, 
neutrophils, and T and B cells. Some fibers and oligosaccharides can also bind to certain TLR 
and have direct immunomodulatory effects, such as altered patterns of cytokine expression [51].  
Certain fibers can differentially affect DC by directly binding to TLR2 and causing a 
tolerogenic shift, as observed by a change in the ratio of IL-10 (regulatory) to IL-12 
(inflammatory) production [52]. This work was extended to resistant starches, and again they 
found that immune modulation was dietary fiber dependent although it was effected by cross talk 
with the intestinal epithelial cells (IEC). They reported that High-maize®260 corn starch bound 
to TLR2 and induced a regulatory phenotype [53]. This is similar to the results published by Le 
Leu in 2009, where High-maize®260 fermentation produced the most butyrate in the colon, 
helping to promote a normal phenotype among colonocytes [23]. This demonstrates that the 
addition of DFM to the diet can affect the immune system directly, as well as indirectly through 
microbial production of SCFA. However, many questions remain with respect to the effects of 
RS and RP on the immune system. 
Adaptive Immunity 
The adaptive (or acquired) immune system provides a slower response to pathogens, but 
it is very specific and efficient. When antigens are processed and presented to T cells, the body is 
able to respond more effectively by producing antibodies. Generally, activated T cells are 
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required to signal B cells to differentiate after the recognition of antigens [54, 55]. After 
stimulation, B cells mature into either typically short lived effector cells, plasma cells, or long 
term memory B cells. Plasma cells secrete antibodies into circulation to bind and block 
pathogens, making them easy targets for phagocytosis [56]. Memory B cells are retained after the 
infection has cleared and are able to quickly differentiate and produce antibodies during 
subsequent infection with the same pathogen. B cells are capable of producing different isotypes 
of immunoglobulins (IgM, IgG, IgA, IgD, and IgE) for different functional roles [57]. IgM is the 
first response antibody, whereas IgG is the primary antibody produced in secondary infections. 
IgA is primarily secreted in mucosal tissues, and can be produced independently of T cell 
activation [58] through BAFF (B cell Activating Factor) production. Secreted IgA acts as one of 
the first lines of defense for mucosal tissues, and so it can be described as having both passive 
and adaptive immune functions. The IgA neutralizes pathogens and microbes by blocking their 
interaction and adherence to IEC. Various leukocytes and lymphocytes can interact with the 
conserved Fc region of IgA via surface receptors, and this can enhance phagocytosis, ROS 
generation, or antibody-dependent cell-mediated cytotoxicity [59].  
Classification of cell type by surface marker does not adequately describe the full 
functional role of T cells and their different subtypes. Cytokines induce the functional 
polarization between T helper type 1 (TH1) and T helper type 2 cells (TH2) to promote the most 
effective immune response [60]. After naïve T cells are activated by IL-2, IFN-γ promotes TH1 
differentiation, and IL-4 promotes TH2 differentiation; both signature cytokines are involved in 
feedback loops that promote differentiation of their class, and inhibit the other pathway [61]. 
TH1 are protective against intracellular parasites and are characterized by IFN-γ expression, and 
the ability to promote cytotoxic T cell (CTL) activity. In contrast, TH2 immunity is protective 
against extracellular parasites, is primarily mediated through IL-4 and IL-10 and promotes 
antibody production from B cells. Although this model is still a simplification of T cell activity, 
it can provide insight into the activity and state of the immune system.  Additional T cell subsets 
include TH17 cells, involved in pro-inflammatory activity and host defence against varied 
extracellular pathogens and Treg cells, necessary for regulation and control of immune activity.  
Published literature has been somewhat inconsistent with respect to mechanisms for how 
dietary fiber can affect the adaptive immune response. When comparing a zero fiber diet to a 
high fiber diet, Tan et al. showed that fiber increased DC activity and enhanced IgA production 
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in the small intestinal lamina propria [62].  This effect was mediated by changes in microbiota 
composition, and was dependent on GPR43 and GPR109a. In contrast, research published by 
Trompette et al. (2018) showed that high fiber diets dampened the inflammatory response in the 
lungs due to recruitment of alternatively activated macrophages (known as M2) and decreasing 
neutrophil recruitment, while also increasing the activity of CD8+ T cells by enhancing their 
metabolic activity and cytotoxicity [63]. The effects of fiber seem to be context dependent, and 
there are no publications or studies on how resistant protein can influence the immune system. 
 
Mucosal and Systemic immunity 
The secondary lymphoid tissues in the body (lymph nodes, the spleen) act as specialized 
sites of interaction between antigen-presenting cells and lymphocytes. Epithelial cells line the 
airways and digestive system and produce mucous to protect the host cells, lubricate the surfaces, 
and inhibit microbes from binding to surfaces or extravating into the extracellular space. The 
mucosa-associated lymphoid tissues (MALT) are areas of concentrated immune tissue that 
simulate secondary lymphoid organs. A subsection of the MALT is the gut-associated lymphoid 
tissue (GALT), which does not require afferent delivery of antigens because they are sampled 
directly from the lumen of the GI tract. The gut is densely populated by microbes, and their 
colonization is essential for the development of the immune system and tolerance to food 
antigens. The GALT is the largest collection of lymphoid tissues in the body and plays a critical 
role in maintaining homeostasis [44]. The GALT contains structures such as the mesenteric 
lymph nodes (MLN) and Peyer’s patches (PP) to sample and present antigens locally (Figure 
1.1). Tregs are required for the suppression of immune responses against the commensal and 
pathogenic inhabitants of the gut [64]. Treg differentiation can be induced by CD103+ DC and 
activation of TGF-β, leading to induction of the FOXP3 transcription factor. The gut is rich in 
TGF-β and retinoic acid which help promote Treg differentiation while inhibiting inflammatory 
TH17 generation [65]. In addition, TGF-β can promote IgA production from B cells in the gut, 




Figure 1.1: Antigen sampling and presentation in the gut. 
Peyer’s patches are organized clusters of immune cells found in the lamina propria of the small 
intestine and are similar to isolated lymphoid follicles from the colon. Dendritic cells are able to 
sample gut antigens and present them to T cells, leading to a B cell activation. Antigen 
presenting cells such as macrophages and dendritic cells can migrate to the MLN via the 
lymphatic system to amplify the immune response.  
Image taken from Meng, Sindberg, and Roy (2015) [66]. 
   
Systemic organs with diverse functions such as the liver and spleen are also important to 
the immune system. They act as checkpoints for the blood leaving the small intestine rich with 
nutrients and antigens, and blood returning through circulation. The blood coming from the GI 
tract passes through the portal vein to the liver, and is inspected for antigens by DC and Kupffer 
cells (liver macrophages). These cells can then present antigens to T cells, to activate the 
adaptive immune response [67]. Although the liver is not classically considered an immune 
organ, it’s unique architecture allows sentinel immune cells to scan nutrient rich blood for 
microbial antigens and products and mitigate pro-inflammatory immune responses [68], and has 
been described as a firewall of the gut [69]. The release of liver enzymes such as alanine amino 
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transferase (ALT), alkaline phosphatase (ALP), aspartate amino transferase (AST), and lactate 
dehydrogenase (LDH) into circulation can indicate liver  damage or the disease status of the liver 
[130]. In addition the liver produces bile acids which can help regulate the microbial populations. 
Bile acid production and re-uptake into IEC is regulated by microbial enzymes in a negative 
feedback loop; these bile acids act as agonists for receptors such as farnesoid X receptor (FXR), 
a nuclear receptor that promotes metabolic gene transcription, which can lead to reduced 
inflammation or the production of antimicrobial molecules. Various studies have highlighted the 
interactions between diet, microbes, bile acid production, and inflammation [70, 71]. The spleen 
filters the blood returning from circulation removing damaged red blood cells and foreign 
materials. The spleen has two major compartments, red pulp and white pulp. The white pulp is 
structured similar to a lymph node, and can efficiently process antigens to activate immune 
responses through T and B cell activation [72, 73].  
It is expected that a dietary intervention will affect the GALT, and possibly change the 
lymphocyte populations of the MLN, but few studies have examined the effects on more 
systemic lymphoid organs such as the spleen and liver [74, 75]. 
 
Immunization with Keyhole Limpet Hemocyanin (KLH) 
In order to measure the adaptive immune response, an organism can be immunized 
against a protein such as Keyhole Limpet Hemocyanin (KLH). KLH is a very large 
metalloprotein isolated from Megathura crenulata that has been well established as a T-cell 
dependent antigen, and can be used to measure the T-cell dependent antibody response (TDAR) 
[76, 77]. A T cell independent antigen (such as LPS or polysaccharides [78]) can induce a weak 
immune response from B cells without a co-stimulatory signal from activated T cells. T cells are 
required for an effective antibody response; they activate B cells to differentiate into memory 
cells and plasma cells, and use cytokines to control immunoglobulin class switching such that 
antibodies can interact with different effector molecules for different functions [79]. The 
intravenous administration of KLH provides a systemic immunization, the antigens enter the 
blood and are encountered by circulating phagocytes. The antibody response against KLH or 
other antigens can be measured using an ELISA to quantify antibody production and determine 
isotype profiles [80]. It is known that dietary interventions can affect mucosal immunity, but 
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measurable changes in antibody production between diet and sex would indicate altered systemic 
immune activity. 
Sex-based differences 
 Sex-based differences are well documented and the most notable differences are in 
behavior and physiology [81], but this can be attributed to differences in chromosomes, gene 
expression, or hormone function and regulation. There are even sex-based differences in 
microbial community structure and metabolism [75, 82, 83]. Furthermore, when comparing gene 
expression in the gastrointestinal tract in prepubescent mice between sexes, researchers found 
nine sexually dimorphic genes involved in HDAC modulation, this provides an additional 
mechanism for sex-based differences [84], where females and males can respond differently to 
similar stimuli.  
In the past, studies have been predominantly designed with male animals or cell lines and 
have recently been criticized for not representing females and evaluating sex-based differences 
or potential health consequences. In 2014, the National Institute of Health (NIH) and the Office 
of Research on Women’s Health created an initiative to promote balanced animal studies for pre-
clinical trials [85]. This was nearly 20 years after the NIH had created the Office of Research on 
Women’s Health in an initiative to include females in clinical studies [86]. A review from 2018 
discusses male-bias in research, and debunks myths regarding female variability and the estrus 
cycle [87]. It was believed that females were more variable than males and that the menstrual 
cycle would affect data collection, but it was found that females can actually be less variable and 
their inclusion in pre-clinical studies could improve outcomes of clinical studies. It is worth 
noting that this review found immunology to be one of few fields in biology without male-bias. 
The sex chromosomes are the key genetic difference between females (XX) and males 
(XY); the X-chromosome contains over 800 protein encoding genes, while the Y-chromosome 
reportedly contains 80 [88]. The X-chromosome contains more genes and functionally diverse 
proteins that may contribute to immuno-competence. Additionally females are typically less 
vulnerable to X-linked mutations and diseases than males because the second X-chromosome 
can allow for X-inactivation. Thus, X-linked diseases such as X-linked severe combined 
immunodeficiency (XSCID) and Wiskott-Aldrich syndrome (WAS) almost exclusively affect 
males [89, 90].  
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It has been reported that females respond more robustly to both cell-mediated and 
humoral immune responses to antigen presentation in immunizations or infections, and this 
difference may be partially mediated by sex hormones [91]. These hormones include 17β-
estradiol, estriol, progesterone, and testosterone, which can activate receptors expressed by many 
immune cells to have immunomodulatory effects. Subpopulations of T cells can be can be 
affected by the hormonal changes accompanying the menstrual cycle. At low concentrations, 
estrogen promotes TH1 immunity characterized by IFN-γ and TNF release, and at high 
concentrations estrogens promote IL-4 release and TH2 immunity, through B cell activation and 
antibody production. In general females have higher resting levels of CD4+ T helper cells and 
produce more cytokines and circulating antibodies in response to infection than males [92]. In 
the end, the increased immune activation in females can increase vulnerability to autoimmune 
disease by reducing negative B cell selection and allowing auto-reactive antibody production 
[91-93]. 
Rodent models and environmental enrichment (EE) tools 
One of the main reasons animal models are so prevalently used is because they can be 
manipulated and controlled much more easily than humans – but they still need to be provided 
suitable accommodations and be given ethical consideration. Most rodent studies provide 
bedding, plastic or glass balls, exercise wheels, PVC piping shelters, chewing objects, and music 
as environmental enrichment tools during the experimental trial, unless it interferes with the 
experimental design. 
 Previous studies have shown that the inclusion of bedding in cages can affect the 
outcomes of nutritional and immunological studies. It was found that inclusion of bedding 
materials (corncob, maple wood chips) increased populations of fermentative bacteria and 
increased fecal SCFA outputs [94, 95]. The researchers concluded that the bedding allows for rat 
coprophagy (ingestion of feces), which can be re-fermented and cause changes in microbial 
community composition. Additionally, the ingestion of small wood or fiber particles can cause 






 The Guide for the Care and Use of Laboratory Animals recommends providing gnawing 
material for rodents because their teeth grow continuously through their lives [96]. Bio-Serv® 
provides two dental toys (gnaw sticks) for rodents that are certified as contaminant free and non-
toxic. Bio-Serv® Nylon bone is molded from 100% virgin nylon, (instead of a composite of 
recycled plastics) and the Bio-Serv® Gummy bone is 100% virgin polyurethane [97]. These 
materials are coloured brightly green and debris can be easily identified in bedding or in the 
feces if ingested. While two studies cited by Bio-Serv® found that the nylon bones do not affect 
body weight, food consumption, or induce intestinal lesions in Sprague-Dawley rats [98, 99], 
they did not investigate biochemical or immune measures and are not publically available. 
 In addition to the maintenance of teeth, chewing and gnawing on materials can affect gut 
health. Results from human studies have shown that chewing more can decrease hunger and 
increase satiation, as mediated by hormones [100]. Hormones such as ghrelin and leptin 
influence hunger and satiation, but they also affect the immune system. Leptin is released by 
adipocytes to signal satiation, decreasing food intake and altering metabolic activity, but 
chronically high levels of leptin can cause inflammation [101]. Ghrelin acts as a ligand for 
growth hormone secretagogue receptor (GHS-R) to induce hunger and appetite. Acting on T 
cells, ghrelin can activate GHS-R to inhibit pro-inflammatory cytokine expression induced by 
leptin [102]. 
 Nylon is considered indigestible, so small particles and fibers will pass through the 
digestive tract and be excreted, but larger pieces can cause obstructions or cellular damage. 
However, a recent publication has shown that small polystyrene microplastics (5µM) can 
accumulate to cause gut barrier dysfunction and dysbiosis of the microbiota [103] in mice. It is 
currently believed that nylon is inert in the gut, but a novel species of Arthrobacter was 
discovered digesting nylon in a wastewater plant in 1984 [104]. Since then researchers have 
shown that Pseudomonas aeruginosa can be cultured to use nylon as a source of carbon and 
nitrogen [105].   Overall, while use of these types of environmental enrichment is often 
encouraged, the limited evidence available to date suggests that the inclusion of nylon bone 





This study was designed to address some current gaps in the literature:  the effects of protein 
fermentation, the impact of sex-based differences in these effects, and the outcome of inclusion 
of nylon gnaw sticks as environmental enrichment. While the effects of resistant starches on 
health, immunology, and microbiology have been described in previous studies, the effect of 
dietary resistant protein is less understood. It is known that carbohydrates are preferentially 
fermented, but the addition of proteins can alter the fermentation patterns and community 
structure. This is because some bacteria require peptidyl nitrogen, whereas some bacteria use 
nitrogenous waste products such as urea and ammonia for growth. This leads to the question, 
will the addition of resistant proteins cause the expansion of microbes that utilize peptidyl 
nitrogen in the distal colon? Similarly, BCFA are produced from protein fermentation, but they 
have not been studied with regard to their effects on adult health or the immune system. Current 
evidence indicates that BCFA are an integral component to amniotic fluids and support the 
development and colonization of the infant gastrointestinal tract, but their effects on adult health 
are not known. Ultimately, this research is focused on how resistant protein may affect the 
immune system, as mediated by either microbes or their metabolites. 
As described previously there are innate differences between the immune system in females 
and males, which have been attributed to chromosomal differences or hormone regulation. These 
differences are important to consider when making educated decisions and statements regarding 
public health decisions and dietary interventions. It is imperative to understand the mechanisms 
that underlie differences in female and male immune responses, and why they can respond 
differently to DFM such as protein or starch.  
Understanding why sexes can respond differently to similar stimuli in pre-clinical studies can 
effectively improve the outcomes of clinical studies. This leads to the second objective of this 
study, to investigate how sexes can respond differently to resistant protein and starch 
supplementation, as observed in fermentation patterns and immune measures. 
Environmental enrichment tools are used to reduce anxiety and stress of the subject animals 
by providing a comfortable habitat. However, the environment enrichment tools must be 
critically evaluated to determine how they influence experimental outcomes. The inclusion of 
nylon gnaw sticks was previously evaluated and found to not affect gross physiology in mice and 
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rats [98], but immunological measurements were not investigated. Thus, gnaw sticks may be safe 
and appropriate for use in behavioral studies, but they need to be evaluated for use in 
biochemical or immunological studies. 
Thesis objectives 
Objective 1: Determine the effects of potato protein supplementation with dietary fermentable 
materials on immune measures 
 The addition of digestion-resistant dietary materials such as resistant protein and resistant 
starch aimed to increase the availability of peptidyl-nitrogen in the colon. This can lead to 
changes in SCFA profiles and influence the immune system of the host. The impact of this 
dietary intervention was investigated using flow cytometry to compare immune cell 
subpopulations in the MLN and spleen, as well as tissue cytokines from local and systemic 
tissues, the ileum, cecum, liver, and spleen. The effects of diet on peripheral innate immunity 
was measured using an ex vivo whole blood TLR stimulation assay, and an adaptive immune 
response against KLH was induced to measure antibody production. 
Objective 2: Assess sex-based differences in immune measures and fermentation profiles 
 Sexual dimorphisms in the immune system are well documented; however, they are often 
overlooked in diet studies due to potentially confounding results. In order to extend the results 
from this study to a human population, the effects on both sexes must be considered and 
analyzed. The study was designed to investigate whether any differences exist between sexes in 
the impact of these diets on the immune system.  
Objective 3: Determining the effects of gnaw sticks as an environmental enrichment tool 
 Animal care and ethical study designs provide a highly controlled environment with 
different habitat materials based on the type of study. In previous studies, it was shown that these 
environmental enrichment tools could affect immune measures at both mucosal and systemic 
locations. In this study, plastic gnaw sticks were provided to one group of rats on the control diet 
to determine whether they can affect immune measures. It is crucial to understand how 
environmental enrichment tools can influence the results of studies examining dietary impact on 




Chapter 2. Study Design and Methodology  
Study Design 
This study was approved by Health Canada Ottawa’s Animal Care Committee (HCO-
ACC) under protocol number 2014-006, by Ontario Tech’s Animal Care committee and was 
conducted in 2016 with compliance to guidelines set by the Canadian Council for Laboratory 
animals. A  primary objective for Dr. Brooks lab  was to determine how different combinations 
of dietary resistant starches and proteins  influence microbial community structure, while the 
primary objective for the research described in this thesis was to examine the impact on the 
immune system. Previous studies have shown that animal models are most effective for studying 
diet-based changes in bacterial communities [106]. Additionally, both parties were interested in 
determining whether gnaw sticks (GS) had a measurable influence on microbial communities or 
immune measures, based on the results of a previous trial with bedding material [95]. 
Diet Design 
AIN93G is a standardized semi-purified rodent diet designed to provide all required 
nutrients and minerals for growing rodents ([107], Table 1). AIN93g is approximately 60% 
(w/w) digestible carbohydrates (CHO), 20% casein protein, and contains about 5% of non-
digestible fiber (cellulose). The experimental diet groups in Table 1 were created by Dr. S. 
Brooks, Bureau of Nutritional Sciences, Health Canada, Ottawa ON,  to represent 6 different 
combinations of protein (casein, potato) and fiber/ resistant starch (cellulose, high-amylose 
maize starch (HAMS), and potato starch).  The experimental diets were created by changing the 
protein source (potato protein vs casein) or starch source (corn starch, potato starch, HAMS). 
Wood cellulose was substituted for HAMS or PS in the corn starch diet to provide the non-
digestible fiber. The resistant starch compositions were compared at Health Canada using an RS 
assay kit (K-RSTAR; Megazyme, Bray, Ireland) following manufacturer’s protocol. The 
composition of each diet was balanced to provide approximately the same energy per gram of 
food and equivalent amounts of protein, but differed in the amounts of resistant starch. For 
example, diet B contains 20% PP, and 5% cellulose; where diet C contains 20% PP, and 5% 





 For this study, 112 Sprague-Dawley rats (56 female, 56 male) were obtained from 
Charles River, QC. The Sprague-Dawley is a multipurpose outbred rat model well suited to 
studying nutrition, diet induced changes, and oncology. Each diet group was composed of eight 
female and eight male rats. 
The diet trial was performed at Health Canada’s Animal Research Division, Banting Research 
Centre, Health Canada (Ottawa, ON), starting one weak post-weaning (26-28 days old). The rats 
were allowed ad libitum access to food and reverse-osmosis treated water, and were pair-housed 
in SealSafe-Plus plastic cages (Techniplast, Toronto, ON) without bedding. This habitat was 
used to facilitate collection of fecal droppings, and as previous results indicate that ingestion of 
maple woodchip bedding can cause abnormalities in the gut microbiota and physiology [95]. GS 
were only provided to an additional group on the control diet, for direct comparison. Other 
environmental enrichment tools (such as glass balls, PVC piping, and music) were provided. 
Animal weight gain and food consumption was monitored over time. 
The study timeline is shown graphically in Figure 2.1. The rats were given two weeks to 
acclimatize to the AIN93G diet before a seven week period on their respective diets (Table 2). 
The rats were immunized with KLH after four weeks on their diets, and given another dose two 
weeks later. The rats were euthanized for tissue collection after week nine, at 12 weeks old. 
Tissues and blood were then analyzed for metabolites, cell populations, and concentrations of 
immune mediators (cytokines and/or antibodies). 
Immunization with Keyhole Limpet Hemocyanin (KLH) 
In order to measure the T-dependent antibody response the rats were immunized with 
KLH (Sigma Aldrich, MO, USA) [77].  Rats were anesthetized with aerane and injected with 
300μg/kg KLH in 0.5mL saline through the tail vein on the first day of the balance period (week 
six, day 0) and again two weeks later (week eight, day 15). One week after the second KLH 
injection (day 21), the rats were euthanized and plasma samples were collected and frozen for 





Necropsy and tissue collection 
The rats were anesthetized using aerane and euthanized via exsanguination. Cecal 
contents and distal colon pellets were collected and frozen at -20°C. Tissue sample collection 
occurred at Health Canada, samples were flash frozen and stored at -80°C. Collected tissues 
include the ileum, MLN, Peyer’s patches, cecum, colon, liver, spleen, and blood (plasma and 
whole blood samples). Blood was collected in lavender-capped vacutainers containing anti-
coagulant (K2EDTA) (BD, NJ, USA) for use in ex-vivo whole blood stimulation or hematology. 
The remaining blood was centrifuged to remove cells and the plasma was frozen for antibody 
measurements. Samples were transferred to Ontario Tech on dry ice and stored at -80°C until 
homogenization (if required) and analysis. 
 
Figure 2.1: Animal feeding trial timeline and immunization schedule. Sprague-Dawley 
rats were allowed two weeks to acclimatize to the AIN93G diet, before being switched to 
their test diets for the following eight weeks. The rats were given two injections of KLH 
as indicated by the red arrows, at the start of weeks six and eight. The animals were 
euthanized for tissue collection after nine weeks. 
Methods 
Ex-vivo whole blood TLR stimulation 
A procedure previously used in our lab to measure TLR stimulation was used to compare 
cytokine release in response to a TLR4 agonist (LPS) [108, 109]. This assay is an ex-vivo method 
to stimulate circulating TLR4+ cells, including neutrophils, monocytes and dendritic cells, 
allowing for TLR activation and an assessment of this aspect of the innate immune response. 
This approach allowed for the comparison of TLR4 sensitivity due to diet or sex. From the whole 
blood samples collected at necropsy, 900 µL was incubated in Roswell Park Memorial institute 
(RPMI) 1640 medium with a TLR4 agonist (1µg/mL LPS, Sigma Aldrich MO, USA) in a 
polypropylene round bottom flask for 20 hours at 37°C and 5% CO2 humidity. Negative control 
samples were unstimulated. Samples were then centrifuged to harvest the supernatant, which was 




Populations of blood cells were determined using Ac•T 5diff Cap Pierce hematology 
analyzer (Beckman Coulter, California USA) at Health Canada’s Animal Research Division 
laboratories. This same cell counter was used to determine cell concentrations prior to flow 
cytometry.  
Flow cytometry 
 The mesenteric lymph node (MLN) and spleen samples (local and systemic secondary 
lymphoid organs respectively) were analyzed using an BD LSRFortessa™ flow cytometer (BD 
Bioscience, CA, USA), with  blue (488 nm), red (640 nm), and violet lasers (405 nm). Target 
cell populations included dendritic cells, macrophages, natural killer cells and lymphocytes:  T 
cells (CD4+ T helper, CD8+ cytotoxic T cell, FOXP3+ T regulatory cells) and B cells. To quantify 
Tregs, the cells were permeabilized to detect intracellular transcription factor FOXP3, and an 
isotype control was used to assess non-specific binding from permeabilization. The populations 
were gated for forward scatter, side scatter and viability using standard techniques [110, 111]; 
the antibodies and panels used are listed in Table 4 along with a brief description of function. 
Determination of SCFA and BCFA concentrations 
 The concentrations of SCFA and BCFA were determined at Health Canada using a 
published procedure [95, 112]. The cecal contents and colon pellets were acidified using sulfuric 
acid, centrifuged and filtered with a 0.25 µm syringe, and then analyzed by gas chromatography 
using an Agilent 6890 gas chromatograph (Agilent Technologies Canada Inc., Mississauga, ON). 
The column was a 60 m x 0.25 mm, I.D. 0.25 µm film thickness Nukol column (Supleco-Sigma 
Aldrich, Mississauga, ON), and data was analyzed using Agilent’s MSD Chemstation software. 
Serum Biochemistry 
 The individual rat serum samples (n=8) were tested for concentrations of blood urea 
nitrogen (BUN) and several liver enzymes (ALT, ALP, AST, and LDH). Samples were analyzed 
at Health Canada using the urease-glutamate dehydrogenase method for BUN and the enzymes 
were determined using standard methods from the International Federation of Clinical Chemistry 
(IFCC) [113, 114] with an ABX Pentra 400 Automated clinical chemistry analyzer and ABX 
Pentra test kits for each analyte (Horiba Canada Inc., Burlington ON, Canada).  
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Homogenization of sample tissues 
 Tissues were homogenized in an immunoprecipitation buffer (50 mM NaH2PO4, 100 mM 
Na2PO4, 0.1% sodium dodecyl sulfate, 0.5% NaCl, 1% Triton X-100, 5mg/mL sodium 
deoxycholate [115]), with 1% protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO, USA) 
added to the working buffer solution. The buffer was added to the tissues in a 1:5 ratio (wt/vol), 
and mechanically homogenized using a VWR®200 homogenizer (VWR International, Radnor, 
PA, USA) in a 50mL conical centrifuge tube. The samples were centrifuged at 16,400 rcf for 30 
minutes at 4°C, and the supernatants collected and stored at -80°C until analysis. MLN 
homogenates required a second round of centrifugation to maximize supernatant collection. A 
section of the left lateral lobe of the liver was excised and homogenized in place of the entire 
organ. 
ELISA analysis of cytokines and antibodies 
 Tissue cytokine concentrations were determined using sandwich ELISAs following the 
manufacturer’s protocol with antibody pairs and reagents obtained from R&D Systems 
(Minneapolis, MN, USA), Table 5, and using 96-well high binding Microlon 600 ELISA plates 
(Greiner Bio-One, NC, USA). The manufacturer’s recommended concentrations for the capture 
antibodies, detection antibodies, and chromogenic reagents horseradish peroxidase (HRP)-
conjugated streptavidin and 3,3’,5,5’-tetramethylbenzidine (TMB) (Sigma-Aldrich, MO, USA) 
were used. Plates were coated the day before use with capture antibody and incubated overnight 
at 4°C. The following day biotinylated detection antibody was added, followed by HRP-
streptavidin and TMB for detection. The reaction was stopped using 1.8 N H2SO4, and 
absorbance measured at 450nm using a Synergy HTTR microplate reader (Bio-tek 
Instrumentation, VT, USA). Tissue samples were tested to determine the concentrations of the 
regulatory and proinflammatory cytokines listed in Table 3. The collected supernatant from the 
ex-vivo whole blood analysis was also analyzed, to see if cytokine production in response to 
TLR4 stimulation was different due to diet or sex.  
The manufacturer’s protocol for the TGF-β ELISA is not always well suited for tissue 
homogenates, so it was altered for the liver samples. The traditional protocol is used for serum or 
plasma and is able to measure the active form of TGF-β in the sample, and 10 minute 
acidification-neutralization of the sample can activate the latent TGF-β for measurement. To 
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effectively activate the total TGF-β in liver tissues without increasing the amount of acid (1/2 
volume 1N HCl) and base (1/2 volume of 1.2N NaOH/0.5M HEPES) used, the incubation time 
was increased to one hour. Acid/base equivalents were tested from 1/5 to 2/1 volumes of liver 
tissue across incubation times of 5 to 90 minutes to determine an optimal activation protocol. 
This timing is also in keeping with our previous findings regarding optimal conditions for TGFβ 
in rat liver samples [111].  
Rat antibody isotypes (IgA, IgM, and IgG) and subclasses (IgG1, IgG2a, IgG2b, and IgG2c) 
were determined using an indirect ELISA method, with goat anti-rat antibodies obtained from 
Bethyl labs (Montgomery, TX, USA). Reconstituted KLH (Sigma Aldrich, St. Louis, MO, USA) 
was added to the plates at a concentration of 10µg/mL, and plasma samples were diluted in series 
to detect all antibody subclasses from a particular sample. The results were collected using 
Microsoft Excel, and analyzed using Prism8 (Graphpad). Interactions between diet and sex were 
measured using two-way ANOVA with Tukey’s test for multiple comparisons. 
Bradford assay measurement of total proteins 
 Tissue homogenates were checked for total protein concentration using a modernized 
Bradford assay [116] to ensure consistent concentrations. Homogenized tissue samples were 
diluted 10-15x in water before the addition of the Bradford reagent (Pierce-Coomassie Plus, 
(Thermo-fisher, MA, USA). The assays were performed in 96-well microplates and absorbance 
was measured at 595nm using a Synergy-HTTR microplate reader (Biotek, Vermont, USA). 
Statistical Analysis 
 The data obtained was primarily analyzed using Microsoft Excel and Prism8 (Graphpad). 
Data was checked for normality using the Shapiro-Wilk test. Single comparisons between data 
were conducted using student’s T Tests. Multiple groups of data were compared using one-way 
and two-way ANOVA to determine the effects of diet and sex, and Tukey’s multiple 
comparisons test to compare between treatments when the ANOVA indicated significant 
differences (p<0.05). Data for both sexes was combined when not significantly different. 
Significant effects of diet were further investigated using a two-way ANOVA to compare the 
effects of protein and resistant starch, pooling the data by dietary protein source (n=48). CP diets 
included CP-CS, CP-HAMS, and CP-PS; PP diets include PP-CS, PP-HAMS, and PP-PS. The 
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minimum threshold for statistical significance was set at p<0.05 (*), but p<0.01 (**), p<0.001 




Table 1: Diet Composition 
Diet Composition1 









Corn Starch 397.5 310.5 365.5 383.8 296.8 351.9 
Casein Protein 200 200 200 0 0 0 
Potato Protein 0 0 0 241.1 241.1 241.1 
Dextrinized Corn 
Starch 132 132 132 118.3 118.3 118.3 
Sucrose 100 100 100 86.3 86.3 86.3 
Soybean oil 70 70 70 70 70 70 
Cellulose 50 0 0 50 0 0 
High Amylose Maize 
Starch (HAMS) 0 137 0 0 137 0 
Potato Starch (PS) 0 0 81.9 0 0 81.9 
K2HPO4 0 0 0 5.9 5.9 5.9 
Total Resistant Starch2, 
% 0.1 4.4 2.5 0.1 4.5 2.9 
Estimated Energy 
Content (kJ/g) 
16.65 17.25 17.44 16.19 16.96 17.11 
1 All diets contain 70g soybean oil, 35g AIN-93G mineral mix, 10g AIN-93G vitamin mix, 3g L-
cystine, and 0.014g t-butylhydroquinone. 
2 The starches were reported to have resistant starch contents of 36.5% (HAMS) and 61.1% (PS). 
However, direct measurement indicated concentrations of 32% and 31% respectively. Total 






Table 2: Diet Groups 
 
1 All rats were fed the AIN-93G control for the first two weeks before being switched to their 
diets. 









Protein Fiber / starch 






CP-CS / D Casein Cellulose 0.1% 




High Amylose Maize 
Starch 
4.4% 
Casein + Potato 
starch 
CP-PS / E Casein Potato Starch 
2.5% 
 
Potato Protein + 
Cellulose 
PP-CS / B Potato Cellulose 0.1% 





High Amylose Maize 
Starch 
4.5% 
Potato Protein + 
Potato starch 






CP-CS / G Casein Cellulose 0.1% 
26 
 






Cytokine Induced Neutrophil 
Chemoattractant. 
Released at sites of inflammation to 
recruit neutrophils for localized 
responses. Promotes innate immunity 
through phagocytosis and ROS 
production. 
Leads to pain hypersensitivity 
Regulated by IL-1β 






Intercellular Adhesion Molecule-1.  
This molecule promotes extravasation of 
leukocytes to leave circulation and enter 
into the extracellular matrix between 
cells.  
Expression of ICAM-1 is increased during 
inflammation  






Tumor Necrosis Factor alpha.  
Canonical endogenous pyrogen, 
produced by many cell types to promote 
inflammation. (Macrophages, 
neutrophils, DC, NK cells, CD4+ T 
cells).  
TNF-α release is required for the acute 
inflammatory response, but systemic 
TNF-α release can cause damage (i.e. 







Transforming Growth Factor beta.  
Involved in regulating immune 
responses; TFG- β inhibits actions of 
many cell types of the immune system. 
TGF- β is involved in both pro and anti-
inflammatory responses, based on the 
cellular context.  
TGF- β is expressed ubiquitously by the 
body, and concentrations are very high in 
the liver where it plays a role in tolerance. 
It is implicated in development, signaling, 
and cellular differentiation and acts as a 
regulatory cytokine.  
IFN-γ 
 
TH1 cytokine, promotes cellular 
immunity.  
Type 2 interferon. Stimulates 
phagocytic activity.   
Considered the “activator of 
macrophages,” helps promote MHCII 







Endogenous pyrogen, can induce 
inflammation and fever through 
prostaglandin synthesis. Produced as 
pro-IL-1β, which is cleaved in 
inflammasomes  by cytosolic caspase-1 
to active IL-1β 
AKA: Leukocytic Endogenous Pyrogen. 
Lymphocyte activating factor. 
Inflammatory fever mediator 
After the acute inflammatory response, 






Induces Th0  TH2 ; TH2 secrete IL-4 
 More TH2 -induced T-cell 
proliferation; differentiation of B-cells 
to plasma cells. Secondary role: Induce 
M1M2 Macrophage transition – M2 
TH2 differentiation feedback loop 
Regulatory cytokine, involved in wound 
repair and B-cell activation. Decreases M1 
Macrophage activation, TH1 
differentiation, IFNγ release  
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are regulatory and promote repair. A 
type 2 cytokine 




Regulatory cytokine (pro & anti-
inflammatory) 
Key mediator of the acute inflame 
response, and strongly implicated in 
fever. When produced by muscle cells, 
it can promote energy metabolism and 
heat regulation. 
Can inhibit IL-1, IL-10, and TNF-α 
mediated inflammation. Implicated in 
chronic inflammatory as well as 
autoimmune diseases. 
Also a Myokine (cytokine produced by 





Regulatory cytokine (generally anti-
inflammatory) produced by 
macrophages (M2) and Treg.  Potential 
Myokine effects with muscle recovery.  
Downregulate TH1, M1 macrophages, 
CD4+  
AKA: Human cytokine synthesis 
inhibitory factor  
Involved in immune tolerance; inhibits 
canonical pyrogens (TNF-α, TGF-β, IFN-




Pro-inflammatory cytokine; mediates 
the release of other inflammatory 
cytokines.(IL-1β, IL-6, TNF-α, TGF-β) 
Produced by TH17 cells, implicated in 
allergic reactions, autoimmune and 







Table 4: Flow cytometry antibodies 
Cell surface 
marker 
Conjugate Source Product 
# 
Isotype Panel Function 
CD45 APC-Cy7 BD 561686 Mouse 
IgG1κ 
1 
Marker for all 
hematopoietic cells 
(except erythrocytes) 
CD3 APC BD 557030 Mouse 
IgMκ 





CD4 PE-Cy7 BD 561578 Mouse 
IgG2aκ 
TCR co-receptor 
expressed by T helper 
cells 




cytotoxic T cells 
CD45RA PE-Cy5 BD 557015 Mouse 
IgG1κ 
B cell marker 
CD62L FITC BD 554963 Arm. 
Ham 
IgG2λ1 
Aka L-Selectin, an 
adhesion molecule 
expressed by naïve 
and memory T cells; 
involved in T cell 
homing  
CD161a PE BD 555009 Mouse 
IgG1κ 
 aka NKR-P1A and 
NKR-P1B  on NK 
cells, Macrophages, 
and DC 
CD45 APC-Cy7 BD 561586 Mouse 
IgG1κ 
2 














γδTCR    Mouse 
IgG1κ 
 
CD103 Alexa647 BD 565286 Mouse 
IgG1κ 
Integrin expressed by 
T cells, IELs, and DC 




CD45 APC-Cy7 BD 561586 Mouse 
IgG1κ 3 





CD3  APC BD 557030 Mouse 
IgMκ 





CD4 PE-Cy7 BD 561578 Mouse 
IgG2aκ 
TCR co-receptor 
expressed by T helper 
cells 
CD25 FITC BD 554865 Mouse 
IgG1κ 
Alpha chain of IL-2 
receptor, expressed 
on activated T cells 
and T regs 






expressed in T 
regulatory cells 
CD45 APC-Cy7 BD 561586 Mouse 
IgG1κ 
4 
Marker for all 
hematopoietic cells 
(except erythrocytes) 
CD3 APC BD 557030 Mouse 
IgMκ 





CD4 PE-Cy7 BD 561578 Mouse 
IgG2aκ 
TCR co-receptor 
expressed by T helper 
cells 
CD25 FITC BD 554865 Mouse 
IgG1κ 
Alpha chain of IL-2 
receptor, expressed 
on activated T cells 







Isotype control for 
FOXP3 
1FOXP3 is intracellular; staining for FOXp3+ T cells required permeabilization and detection of 





Table 5: ELISA Antibodies 
Antibody Source Catalogue # 
Rat CINC-1 
R&D Systems, MN, USA 
DY515 
Rat ICAM-1/CD54 DY583 
Rat TNF-α DY510 
Human TGF-β DY240 
Rat IFN-γ DY585 
Rat IL-1β DY501 
Rat IL-4 DY504 
Rat IL-6 DY506 
Rat IL-10 DY522 




Chapter 3. Results 
This work investigated the impact of resistant protein supplementation (potato protein) with 
dietary fermentable materials focusing on resistant starch, using Sprague-Dawley rats. This 
dietary intervention aimed to assess the impact of peptidyl nitrogen availability in combination 
with different concentrations of resistant starch on the immune system. Nitrogen availability can 
influence microbial fermentation profiles in the distal GI tract, which can change the 
microenvironment of the gut. The gut-luminal contents are sampled for microbes and antigens to 
influence the immune system and facilitate inflammatory responses to pathogens and to tolerate 
commensals. In this study, differences in immune measures such as cell populations and tissue 
cytokine concentrations were compared between rats fed one of six combinations of protein and 
starch-supplemented diets. The effects of test diets on innate immunity were investigated using 
an ex-vivo whole blood TLR ligand assay, and KLH immunization was used to initiate a T cell-
dependent antibody response and examine the impact on adaptive immunity. An additional aim 
of this work was to determine whether effects of these diets differ between sexes.  As this 
approach also revealed differences between females and males in several measures, results are 
presented focusing first on the impact of diet, and then focusing on sex-based differences in the 
effects of diet.  Overall differences between sexes are also presented.  Lastly, the inclusion of 
gnaw sticks, an environmental enrichment feature, was examined on selected immune measures 
in female and male rats on the control diet only.  
Analysis of the effect of diets on fermentation products and serum biochemistry 
 The effect of resistant protein and starch supplementation on microbial fermentation was 
investigated by measuring caecal and faecal SCFA and BCFA. Additionally, the serum was 
analyzed to determine concentrations of enzymes related to liver and kidney function such as 
ALT, ALP, AST, BUN, and LDH. 
Effect of diet on fermentation profiles 
 The cecal contents and the distal colonic pellets [fecal] were analyzed for SCFA and 
BCFA concentrations using gas chromatography. The concentrations of cecal SCFA (p<0.05) 
and BCFA (p<0.0001) were both increased by PP diets (Figure 1). PP also increased fecal SCFA 
production 1.4 fold compared to the CP diets (p<0.001), and SCFA production was positively 
correlated to resistant starch levels (p<0.05). It was observed that for rats fed casein, empty cecal 
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weights increased with resistant starch levels.  The source of carbohydrate and protein had an 
effect on cecal fermentation, as illustrated by the results shown in Figure 2, where the rats fed the 
PP-PS diet had slightly higher SCFA levels than those consuming the more resistant PP-HAMS 
diet.   In the cecum, it was interesting to observe that while PP consumption increased total 
acetate (p<0.05) and butyrate (p<0.0001) concentrations relative to CP consumption, the 
percentage of butyrate (p<0.0001) increased at the expense of acetate (p<0.001) and propionate 
(p<0.0001) percentages (Figure 3). This data is separated for each diet in Figure 4. The protein 
and diet-based changes in cecal BCFA show that in contrast to cecal SCFA, the BCFA 
concentrations increased on PP-HAMS diets and not PP-PS diets (Figures 5-6). Total BCFA, 
including iso-butyric and iso-valeric acids were increased by PP diets, but caproic acid was 
mostly affected by HAMS diets. 
 The total fecal SCFA output was most affected by resistant starch, but was also slightly 
affected by protein source (p=0.08, Figure 7). The SCFA profile from rats fed each diet is shown 
in Figure 8. Finally, Figure 9 shows differences in the percentage of fecal acetate and BCFA 
based on the type of dietary protein, with SCFA profiles for all diet-based differences in Figure 
10.   Overall it was observed that resistant protein supplementation affected cecal fermentation, 
leading to increased SCFA concentrations and differences in relative SCFA proportions. This 
was also observed in the feces, where resistant starch had a more pronounced effect.  
Serum Biochemistry 
 The effect of diet on different measures of liver and kidney function were investigated 
using standard serum biomarkers: ALT, ALP, AST, BUN, and LDH. The PP diets increased 
serum ALT (p<0.0001) and AST (p<0.01), while decreasing the AST/ALT ratio relative to the 
CP diets (Figure 11). The serum BUN was lower with PP diets compared to CP (p<0.01) (Figure 
12). ALP and LDH levels were not affected by these dietary interventions, summarized in Table 
6.  
Effects of DFM on immune measures 
 Several approaches were used to investigate how diet could affect measures of immune 
activity at both local and systemic locations. The effects on immune cell populations, tissue 
cytokines, innate, and adaptive immunity are described in separate sections below.  
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Analysis of the impact of diet on MLN and splenic cell populations  
Flow cytometry was used to investigate effects of diet and sex-based differences in 
subpopulations of immune cells.   Defined populations of immune cells are enumerated and 
presented as percentages of the total number of viable CD45+ leukocytes.  T cells are routinely 
identified using the pan-T cell marker CD3, and T cell subsets are shown as percentages of the 
total   CD3+ T cell population. Diet-based differences in cell populations were only observed in 
the MLN.  The PP diets had an impact on the percentages of CD4+ (T helper; TH) and CD8+ 
(cytotoxic; CTL) T cells compared to the CP diets (Figures 13, 14); PP decreased CD4+ T cell 
percentages (p<0.05) and increased CD8+ percentages (p<0.05). The population of 
CD4+CD25+FOXP3+ regulatory T cells (Treg) were slightly increased with resistant diet starch. 
(p<0.05) (Figure 15). A diet-sex interaction was observed in the total CD161a+ cell population 
(p<0.05), a cell surface marker expressed by both macrophages and NK cells.  While no 
significant difference was found between sexes or due to diet in macrophage or NK cell 
populations when analyzed based on more specific markers (His+ for macrophages; CD161+ 
CD8a+ for NK cells) (p=0.06) (Figure 16-18), a trend toward a diet-sex interaction was observed 
for NK cells (Figure 18). 
Effects of diet on tissue cytokine profiles  
 The impact of resistant protein and starch combinations on cytokine profiles was 
investigated in the ileum, cecum, liver, and spleen to compare the local and systemic patterns. 
The cytokine panels can be broadly grouped as pro-inflammatory or regulatory and can indicate 
tissue damage or regeneration. Additionally, cytokines like IFN-γ and IL-4 are key cytokines 
involved in TH1 and TH2 immunity, and can help identify cellular activation, differentiation, 
and drive class switching. 
There was no consistent pattern of inflammatory cytokine production across tissues due 
to diet, except for an increase in inflammatory cytokines in the ileum in rats consuming PP. 
Ileum CINC-1 (p<0.001), TNF-α (p<0.05), and IL-1β (p<0.001) concentrations were increased 
in rats on PP diets relative to those on CP diets (Figures 19-21). In the cecum, the rats on PP 
diets had slightly lower concentrations of IL-10 (p<0.05), a regulatory cytokine (Figure 22). In 
the liver and spleen, more systemic locations, fewer differences were directly attributable to sex, 
but rather indicated a diet-sex interaction. While these interactions can be difficult to interpret 
34 
 
without understanding the mechanisms behind them, they indicate the potential for DFM to 
impact the immune system and suggest effects can differ between sexes. In the liver, resistant 
starch had more effect on concentrations of IFN-γ (p<0.01), IL-6 and IL-10 (p<0.05) than did 
protein source (Figures 23-25). PS diets increased liver IFN-γ and IL-6 concentrations regardless 
of protein source, but HAMS diets only increased IL-6 when combined with PP. Liver IL-10 
concentrations were lower on the PP-CS diet. The diets had little effect on splenic cytokines, but 
diet-sex interactions were observed for IFN-γ, IL-1β, IL-6 (p<0.01), and IL-10 (p<0.0001) and 
are shown in Figures 26-29. 
Analysis of effect of diets on innate immunity   
An ex-vivo TLR stimulation assay was used to investigate the impact of diet on peripheral 
responses to LPS, the key ligand for TLR4. Concentrations of three pro-inflammatory (TNFα, 
IL-1β, CINC-1) and one regulatory (IL-10) cytokine in supernatants from LPS-stimulated whole 
blood cell cultures and controls were measured. While LPS-stimulated cells produced more IL-
1β and IL-10 (p<0.0001) than the control cultures, there was no induction of TNF α or CINC-1 
by LPS (Figures 30-33).  There were no significant differences between sexes.  The only diet-
based difference was observed in the control cultures, where IL-10 concentrations were 
significantly higher in whole blood cell cultures obtained from rats consuming PP-HAMS 
relative to those on the CP-HAMS diet (Figure 34; results are shown for males and females 
separately). The differences in cytokine release between diets are summarized in Table 7. 
Altogether, the resistant protein and resistant starch diets had limited impact on TLR4-induced 
cytokine production, a measure of innate immune activity.  
Analysis of the effect of diets on adaptive immunity 
 In order to investigate the impact of dietary resistant protein and resistant starch on the 
adaptive immune response, the rats were immunized with KLH, a T cell-dependent antigen. 
Plasma collected after necropsy was used to compare the effects of the different diets on the 
concentrations of circulatory KLH-specific and total antibodies and on antibody class and sub-
class profiles.  Rats on the PP diets had increased plasma  total IgA concentrations relative to rats 
on CP diets (p<0.01), but the PP diet did not increase the anti-KLH IgA fraction relative to other 
diets (Figure 35). The other classes and subclasses (IgM, IgG, IgG1, IgG2a, IgG2b, and IgG2c) 
were not affected by diet, and are summarized in Table 8. Overall these results indicate that 
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dietary protein has limited impact on antibody production in the context of systemic 
immunization with this T-cell dependent antigen. 
Sex-based differences 
 Genetic and hormonal differences between sexes can lead to differences in biochemical 
measures and immunological outcomes. While difficult to interpret, diet-sex interactions indicate 
where females and males respond differently to similar stimuli, which can be further studied. In 
this section, the differences between fermentation profiles and the immune status between 
females and males is described.  
Sex-based differences in the impact of diet on fermentation products 
 The amounts of cecal SCFA were similar between sexes (Figure 36), but males had 
higher concentrations of cecal BCFA, including iso-butyric and iso-valeric acids (p<0.05, Figure 
37). No sex-based differences were observed in fecal SCFA or BCFA concentrations. In males it 
was observed that HAMS-diets decreased the proportion of cecal acetate produced (p<0.05) 
relative to females, and although not statistically significant, there was also a slight difference in 
butyrate production between sexes when consuming HAMS (Figure 38). This indicates that there 
are sex-based differences in microbial substrate [carbohydrate vs protein] utilization. 
Sex-based differences in the impact of diet serum biochemistry 
There were also some dietary protein-sex interactions observed in the serum biochemistry 
data. Females on the PP diet had a larger increase in serum ALT than did males (p<0.05, Figure 
39). Female rats consuming PP had decreased BUN levels compared to females consuming CP 
(p<0.01), while males had lower BUN overall (p<0.0001, Figure 40). Overall, there were 
differences in serum enzyme and urea nitrogen levels due to diet and sex. 
Sex-based differences in the impact of diet on immune measures 
  In addition to investigating overall impact of diet on immune measures, the sexes were 
compared for differences in tissue cytokine profiles, immune cell populations, TLR4-stimulated 
cytokine release, and circulating antibody concentrations. 
 In general, females had higher cytokine concentrations in the ileum and spleen, but lower 
concentrations than males in the liver. In the ileum, females had higher IL-1β, IL-6 (p<0.01), and 
IL-10 (p<0.05) than males (Figures 41-43). Additionally, IL-1β concentrations were significantly 
36 
 
increased in females consuming PP compared to males. In females, IL-1β was correlated to TNF-
α and IL-6 (p<0.05), whereas in males, IFN-γ was positively correlated to CINC-1 (p<0.05) and 
TNF-α (p=0.05) (Table 9).  
There were no difference in cecal cytokine concentrations between sexes, although 
different correlations were observed between sexes. In females, concentrations of pro-
inflammatory cytokines IL-1β (p<0.05) and TNF-α (p<0.01) were positively correlated to CINC-
1, and type 2 cytokines IL-4 and IL-10 (p<0.05) were positively correlated. In contrast, male IL-
6 and IL-10 were positively correlated (p<0.05, Table 10), and IL-4 was unaffected. 
In the systemic tissues, more sex-based variation was observed. The male liver contained 
more CINC-1 (p<0.01), IFN-γ (p<0.05), IL-4 (p<0.0001), IL-10 (p<0.01), but less total TGF-β 
(p<0.0001, Figures 44-48) than in females. In females but not males, PP significantly decreased 
liver IL-4 concentrations (p<0.01). Overall, the patterns of cytokine correlations between sexes 
were quite different (Table 11). In females several interleukins (IL-1β, IL-4, IL-10, and IL-17F) 
were all positively correlated to the concentration of active TGF-β, while in males only IL-1β 
was positively correlated, and IL-4 was negatively associated with active TGF-β concentrations. 
Male-specific relationships were observed between TNF-α and CINC-1, IFN-γ and IL-17F, and 
IL-16 and IL-10.  
In the spleen, there were diet-sex interactions that affected concentrations of IFN-γ, IL-
1β, IL-6, and IL-10 (Figures 49-52); while TGF-β concentrations differed between sexes (Figure 
53). It appears that the addition of PP decreased levels of these cytokines in females, while 
having opposing effects in males. In females, these cytokines were strongly correlated to each 
other and also to TNF-α, but not in males (Table 12). 
Overall there were many differences in cytokine concentrations and relationships 
between sexes, and combining both groups confounded the results. For example, almost every 
tissue indicated a relationship between IL-6 and IL-10 when analyzing combined data from both 
sexes, but this was only true for males. 
There were no differences in MLN or spleen cell populations between sexes, as 
determined by flow cytometry. In the blood however, males had higher proportions of red blood 
cells, white blood cells (p<0.0001), and macrophages (p<0.01) than females (Table 13, 
37 
 
hematology measures).  The results of the ex-vivo whole blood stimulation assay indicated that in 
females, CINC-1 was slightly higher in the control plasma than in males (p<0.05, Figure 54d). 
There were however no sex-based differences in TNF-α, IL-1β, or IL-10 production for either 
control or LPS-stimulated whole blood (Figure 55) 
Sex based differences were apparent in circulating antibody concentrations. The 
concentration of total IgM (p<0.001) and anti-KLH IgM (p<0.001) was higher in female plasma 
than in males (Figure 56), and a similar trend was seen for IgG (p=0.065) and anti-KLH IgG 
(p=0.057, Figure 57). 
The effects of gnaw sticks on selected immune measures in female and male rats 
 The inclusion of environmental enrichment tools is essential for an ethical animal study, 
but few attempts have been made to evaluate their potential impact on study results. Gnaw sticks 
(GS) were provided to one group from the onset of the study with the control AIN-93G diet, for 
direct comparison to the control group, and the impact of these nylon bone gnaw sticks on 
dietary substrate fermentation and on tissue cytokines was investigated, as was the effect on food 
consumption and weight gain, although no behavioral or observational data was collected in this 
study.  
Impact of gnaw sticks on food consumption, SCFA and BCFA production  
 While GS did not affect weight gain in either sex (Figure 58), their inclusion did have 
different effects on food consumption. In females, the rats with GS had increased food 
consumption after week three, while males with GS consumed slightly less food than control 
males (Figure 59). 
The effect of GS on cecal fermentation was different between sexes - the total SCFA 
increased in females but decreased significantly in males (Figure 60). Acetate production was 
reduced in males (p<0.05) which caused an increase in the relative proportion of propionate 
between GS groups (Figure 61). While protein fermentation was higher in males overall, there 
was a significant increase in the relative proportions of BCFA between male rats with GS and 
controls (Figure 62). 
In contrast to the effects on SCFA production in the cecum, the inclusion of GS did not 
affect total fecal SCFA production differently between sexes (Figure 63). However GS did affect 
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the relative proportion of fecal acetate differently between sexes (Figure 64), and the proportion 
of cecal BCFA was highest in males with gnaw sticks (Figure 65). Thus, the addition of GS can 
affect cecal and fecal fermentation profiles, as indicated by a shift in proportions of SCFA and 
BCFA produced by the gut microbiota. 
Effects of gnaw sticks on tissue cytokines  
 When comparing tissue cytokine profiles between the control rats and the rats with GS, 
somewhat inconsistent differences were observed that could potentially confound sex-based 
differences. Rats with GS showed differences from control rats in concentrations of IFN-γ, IL-
1β, IL-6, and IL-10 in multiple tissues. 
In the ileum, the lowest IFN-γ concentrations were seen in males with GS (p<0.05, 
Figure 66), and cecal IFN-γ was affected differently between sexes with access to GS (p<0.05, 
Figure 67). In the liver, both male and female rats with GS had two-fold higher IFN-γ 
concentrations than controls (Figure 68).  Rats with GS also differed from controls in IL-1β 
concentrations in both the cecum and spleen. While there were no significant differences in cecal 
tissue IL-1β concentrations between control male and female rats, a significant difference 
between sexes was seen in rats given GS, with females having higher cecal tissue IL-1β 
concentrations (Figure 69). In contrast, differences between sexes in splenic IL-1β 
concentrations were observed for control rats, as females had significantly higher IL-1β levels 
than males (p<0.01). In rats with access to GS, splenic IL-1β was not significantly different 
between sexes (Figure 70). Similar sex-based differences in splenic IL-6 and IL-10 were also 
confounded by the addition of GS, as shown in Figures 71 and 72. Finally, liver IL-10 
concentrations were increased in males but not in females given gnaw sticks (p<0.05, Figure 73). 
 In summary this data indicates that not only can GS affect immune measures at local and 
systemic locations, they can affect females and males differently. The inclusion of GS can thus 
interfere with immunological and microbiota-based studies, and the interpretation of sex-based 































Figure 1: Cecal SCFA and BCFA concentrations are shown in µmol per gram wet weight 
(umol/gww ± S.E., n=48), grouped by dietary protein source. CP diets included CP-CS, CP-
HAMS, and CP-PS; PP diets included PP-CS, PP-HAMS, and PP-PS. Potato protein (PP) diets 
increased total cecal SCFA (p<0.05) and BCFA (p<0.0001) concentrations compared to casein 































Figure 2: Total cecal SCFA concentrations from rats consuming the different diets.  Mean cecal 
SCFA concentrations (µmol/gww ± S.E.) are grouped based on diet (data from both sexes 
combined (n = 16). Statistical analysis was performed using one-way ANOVA (p<0.05); 
different letters indicate significant differences between treatment groups as determined by 











































Figure 3:   Effects of dietary protein source on cecal SCFA profiles. a) Cecal SCFA 
concentrations (µmol/gww ± S.E., n = 48). Acetate (p<0.05) and butyrate (p<0.0001) 
concentrations increased in rats consuming PP diets. b) Each SCFA is shown as a percentage of 
the total. Relative acetate (p<0.001) and propionate (p<0.0001) production decreased while 













































































Figure 4: Effect of diet on cecal SCFA profiles. Differences between groups were determined 
using Tukey’s multiple comparisons test. a) The concentrations of SCFA (µmol/gww ± S.E., 























































Figure 5: Effects of dietary protein source on cecal BCFA profiles. Mean cecal BCFA 
concentrations (µmol/gww ± S.E.) are grouped based on diet (data from both sexes combined; 
n=48).  Percentages of iso-butyric, iso-valeric acid (p<0.0001) and valeric acid (p<0.05) were 
















































Figure 6: Effects of diet on cecal BCFA, shown as percentages of total SCFA. Letters indicate 
significant differences (p<0.05) between diets (n=16) determined using Tukey’s multiple 
comparison test. For caproic acid measurements, the sample size is much lower than other 




















































Figure 7: Effect of diet on total fecal SCFA output. a) The effect of resistant starch on total 
SCFA (nmol/gww ± S.E., n=32). HAMS increased total SCFA (p<0.05) compared to CS and PS. 
b) The effect of diet on total SCFA (nmol/gww ± S.E., n=16), with significant differences 











































































Figure 8: Effect of diet on fecal SCFA profiles. Differences between groups was determined 
using Tukey’s multiple comparisons test. a) The concentrations of each SCFA (µmol/gww ± 
























































Figure 9: The effect of dietary protein source on fecal acetate and BCFA. The data is shown as 
the percentage of total fecal SCFA (n=48). Rats consuming PP diets had a lower percentage of 



























































Figure 10: Effect of diet on fecal acetate and BCFA (n=16). Data is shown as a percentage of 
total SCFA. Differences between groups were determined using Tukey’s multiple comparisons 
test. Rats consuming PP diets had a lower percentage of acetate, and higher percentages of 

















































Figure 11: Serum ALT and AST concentrations in female and male rats fed control and test 
diets (U/L, ± S.E., n=16). a) The mean ALT concentrations were higher in rats consuming PP 
diets than CP diet (p<0.001). b) The mean AST was higher in rats consuming PP diets than CP 





Table 6: Summary of serum biochemistry values by diet 
Liver 
Enzyme 
CP-CS CP-HAMS CP-PS PP-CS PP-HAMS PP-PS 
LDH 478.6 ± 77.1 466.5 ± 53.2 488.8 ± 33.4 416.9 ± 35.9 460.5 ± 42.4 416.6 ± 54.8 
ALP 163.5 ± 8.3 162.7 ± 9 171 ± 11.3 152.9 ± 9.7 162.2 ± 9.8 147.3 ± 8.2 
AST 71.6 ± 2.6 73.8 ± 3.1 74.1 ± 1.7 79.2 ± 2.2 80.1 ± 2.8 77.4 ± 3.3 
ALT 33.8 ± 1.3 30.8 ± 1.5 32.5 ± 1.6 49.5 ± 3.2 47.2 ± 3.1 44.4 ± 2.5 
AST/ALT 
Ratio 
2.2 ± 0.1 2.5 ± 0.1 2.4 ± 0.1 1.7 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 
 
Serum enzyme concentrations are shown as U/L ± S.E., combined for both sexes (n=16). Diet 
did not affect LDH or ALP concentrations. Diets containing PP had significant higher AST and 









































































Figure 12: Serum BUN concentrations in female and male rats fed control and test diets (n=8).  
The serum BUN concentration (mmol/L ± S.E., n=8) was significantly different between sexes 
(p<0.0001). BUN concentrations were lower in females consuming PP, but not in males 




Analysis of the impact of diet on MLN and splenic cell populations (Figures 13-19) 
 
 



























Figure 13:  Effects of diet on CD4+ T cells in the MLN. CD4+ cells (TH) are shown as a 
percentage of viable CD3+ T cells.  Rats consuming PP diets had lower percentages of CD4+ 






























Figure 14: Effects of diet on CD8+ T cells (cytotoxic T cells) in the MLN. CD8+ T cells are 
shown as a percentage of viable CD3+ T cells. Rats consuming PP diets had higher percentages 





























Figure 15: CD4+CD25+FOXP3+ regulatory T cells (Treg) in the MLN. Tregs are shown as a 
percentage of viable CD3+ T cells. Two-way ANOVA indicated that resistant starch had the 























































Figure 16: CD161a+ cell population in the MLN. CD161a+ is expressed by both macrophages 
and natural killer (NK) cells. CD161a+ cells are shown as the percentage of viable CD45+ cells. 























































Figure 17: Effects of diet on HIS36+ cells in the MLN. Macrophages expressing HIS36+ are 



























































Figure 18: CD161a+ CD8a+ cells in the MLN. NK cells expressing CD161a+CD8a+ cell markers 
are shown as a percentage of viable CD45+ cells. Two-way ANOVA indicated that there was a 



















Figure 19: Concentration of CINC-1 in ileal tissue (pg/g ± S.E., n=16), grouped by dietary 
protein source. Rats on the PP diets had higher ileal CINC-1 concentrations (p<0.001) than rats 















Figure 20: Concentrations of TNF-α in ileal tissue (pg/g ± S.E., n=16), grouped by dietary 
protein source. Analysis using two-way ANOVA indicated that rats consuming PP diets had 
higher ileal TNF-α concentrations than rats consuming CP diets (p<0.05) although the effect was 


















Figure 21: Concentrations of IL-1β in ileal tissue (pg/g ± S.E., n=16), grouped by dietary protein 
source. Analysis using two-way ANOVA indicated that rats consuming PP diets had higher ileal 
IL-1β concentrations than rats consuming CP diets (p<0.05) although the effect was moderated 
















Figure 22: Concentrations of IL-10 in cecal tissues (pg/g ± S.E., n=16), grouped by dietary 
protein source. The consumption of PP reduced cecal IL-10 concentrations compared to those in 



















Figure 23: Concentrations of IFN-γ in liver tissue (pg/g ± S.E., n=16), grouped by dietary 
protein source. Analysis by two-way ANOVA indicated that liver IFN-γ concentrations were 

















Figure 24: Concentrations of IL-6 in the liver (pg/g ± S.E., n=16), grouped by dietary protein 
source. Analysis using two-way ANOVA indicated that source of starch had the largest impact 
on liver IL-6 (p<0.05). PS increased IL-6 regardless of protein source, but HAMS only increased 

















Figure 25: Concentrations of IL-10 in liver tissues (pg/g ± S.E., n=16), grouped by dietary 
protein source. Analysis using two-way ANOVA indicated that liver IL-10 concentrations were 









































































Figure 26: Concentrations of splenic IFN-γ (pg/g ± S.E., n=8), data separated by diet and sex. 





































































Figure 27: Concentrations of splenic IL-1β (pg/g ± S.E., n=8), data separated by diet and sex. 









































































Figure 28: Concentrations of splenic IL-6 (pg/g ± S.E., n=8), data separated by diet and sex. 
Analysis using two-way ANOVA indicated a diet-sex interaction (p<0.01). IL-6 was lower in 








































































Figure 29: Concentrations of splenic IL-10 (pg/g ± S.E., n=8), data separated by diet and sex. 
Analysis using two-way ANOVA indicated a diet-sex interaction. IL-10 was lower in females 














































































Figure 30: IL-1β concentrations following an ex vivo whole blood stimulation with LPS. 
Whole blood cultures were incubated for 20 hours with or without a TLR4-agonist, LPS, and the 
supernatant was collected to detect differences in cytokine release.  While LPS induced 
significantly higher IL-1β levels than seen in control cultures, the concentration of IL-1β (pg/mL 









































































Figure 31: IL-10 concentrations following an ex vivo whole blood stimulation with LPS. 
Whole blood cultures were incubated for 20 hours with or without a TLR4-agonist, LPS, and the 
supernatant was collected to detect differences in cytokine release.  LPS induced significantly 
higher IL-10 levels than seen in control cultures, but the concentration of IL-10 (pg/mL ± S.E., 












































































Figure 32: TNF-α concentrations following an ex vivo whole blood stimulation with LPS. 
Whole blood cultures were incubated for 20 hours with or without a TLR4-agonist, LPS, and the 
supernatant was collected to detect differences in cytokine release. The concentration of TNF-α 
(pg/mL ± S.E., n=16) was not affected by diet. A significant difference was seen in TNFα levels 









































































Figure 33: CINC-1 concentrations following an ex vivo whole blood stimulation with LPS. 
Whole blood cultures were incubated for 20 hours with or without a TLR4-agonist, LPS, and the 
supernatant was collected to detect differences in cytokine release. The concentration of CINC-1 















































Figure 34: Effects diet on IL-10 concentrations (pg/mL ± S.E., n=8) from the unstimulated 
controls in an ex-vivo whole blood TLR stimulation assay in female and male rats. Basal IL-10 




Table 7: Cytokine concentrations following an ex vivo whole blood TLR stimulation assay 
Cytokine TLR Stimulation CP-CS CP-HAMS CP-PS PP-CS PP-HAMS PP-PS 
IL-1β 
Control 42.7 ± 13.8 27.9 ± 14.4 40.4 ± 14 50 ± 17.1 31.4 ± 8.9 24.3 ± 6.5 
LPS 127.3 ± 22.6 101.9  ±  27.7 85.9 ±  16.3 76.1 ± 13 117.8 ± 16.8 114.1 ± 28 
IL-10 
Control 29.5 ± 6.1 14.4* ± 3.8 26.8 ± 10 25.6 ± 10.1 50.8* ± 6.4 19 ± 5.2 
LPS 83.2 ± 32.9 99.1 ± 23.9 136.1 ± 35.8 106.2 ± 28.9 124.2 ± 37.4 100.4 ± 19 
TNFα 
Control 54.6 ± 6 50.5 ± 13.8 47.5  ±  10.9 60.8 ± 12.7 58.4 ± 8 51.3 ± 6.2 
LPS 39.4 ± 8.6 30.6 ± 5.3 34.8 ± 6.4 38.8 ± 4.7 46 ± 5.9 33.6 ± 4.8 
CINC-1 
Control 111 ± 37 49.2 ± 10.5 44.6 ± 7.9 63.8 ± 15.3 55.8 ± 16.9 55.3 ± 11.1 
LPS 52.4 ± 13.4 56.1 ± 12.1 49.4 ± 10 107.2 ± 26.2 62 ± 9.6 61.2 ± 16.5 
Cytokine concentrations are shown as pg/mL ± S.E., combined for both sexes (n=16). IL-10 production was affected by diet; * 
indicates significant differences between diets. Diet had no significant effects on either baseline or LPS-induced production of IL-10, 





Analysis of the effect of diets on adaptive immunity (Figure 35) 






































Figure 35: Total plasma IgA and anti-KLH-specific IgA concentrations grouped by dietary 
protein source for both sexes (n=16). a) Total IgA concentrations were higher in rats consuming 
PP diets than CP diets (p<0.01.) b) Anti-KLH IgM was not affected by diet. c) The percentage of 





Table 8: Effect of diet on circulatory antibody concentrations following immunization with KLH 
 CPCS CPHAMS CPPS PPCS PPHAMS PPPS 




94 ± 19 100 ± 12 110 ± 24 76 ± 13 114 ± 22 73 ± 11 




93 ± 22 173 ± 64 113 ± 25 103 ± 29 136 ± 36 127 ± 34 




357 ± 130 483 ± 120 188 ± 35 140 ± 44 344 ± 123 222 ± 77 




71 ± 17 94 ± 16 68 ± 14 60 ± 19 69 ± 16 74 ± 19 




158 ± 23 189 ± 24 177 ± 16 120 ± 19 157 ± 23 148 ± 20 




115 ± 23 161 ± 31 116 ± 27 101 ± 25 108 ± 25 101 ± 24 




130 ± 23 166 ± 22 120 ± 17 100 ± 18 125 ± 24 102 ± 19 
 
Diet significantly affected the concentration of plasma IgA, but had no effect on the other 
antibody classes analyzed. 
1 Data shown as µg/mL ± S.E. 















































































Figure 36: Mean cecal SCFA and BCFA concentrations (µmol/gww ± S.E.) in female and male 
rats (all diet groups combined; n=48). Total BCFA, iso-butyric and iso-valeric acid 



































































Figure 37: The percent composition of cecal SCFA and BCFA in female and male rats (all diet 











































Figure 38: Cecal acetate and butyrate concentrations in female and male rats fed diets containing 
different amounts of resistant starch are shown as a percentage of the total SCFA (n=16). a) 
Analysis of the percentage of cecal acetate using two-way ANOVA indicated a significant 
interaction between diet and sex (p<0.05) Acetate production in males is reduced by HAMS 
consumption, but not in females. b) Consumption of HAMS diets has a trend to increase the 
percentage butyrate in males but not females (p=0.07) 
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Figure 39: Differences between sexes in the effect of dietary protein source on serum ALT 
concentrations (U/L ± S.E., n=24). The consumption of PP increased ALT concentrations 












































































Figure 40: Serum BUN concentrations in female and male rats fed control and test diets. The 
serum BUN concentration (mmol/L ± S.E., n=8) was significantly different between sexes 
(p<0.0001). BUN concentrations were lower in females consuming PP, but not in males 










































































Figure 41: Concentrations of IL-1β in ileal tissues (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Analysis using two-way ANOVA indicated that rats consuming PP diets had 
higher IL-1β concentrations compared to rats on CP diets, an effect observed in both sexes 









































































Figure 42: Concentrations of IL-6 in ileal tissue (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Although similar dietary patterns were observed between sexes, analysis using 







































































Figure 43: Concentrations of IL-10 in ileal tissues (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Analysis using two-way ANOVA indicated that ileal IL-10 concentrations were 




Table 9: Ileum tissue cytokine correlation matrix 
Cytokine CINC-1 TNFα IFNγ IL-1β IL-6 
TNFα 0.743     
IFNγ 0.410 0.732    
IL-1β 0.747 0.890* 0.409   
IL-6 0.596 0.769 0.691 0.791  
IL-10 0.601 0.661 0.648 0.681 0.961* 
Females CINC-1 TNFα IFNγ IL-1β IL-6 
TNFα 0.759     
IFNγ -0.258 0.138    
IL-1β 0.805 0.885* -0.273   
IL-6 0.713 0.764 -0.078 0.891*  
IL-10 0.065 0.242 0.432 0.224 0.567 
Males CINC-1 TNFα IFNγ IL-1β IL-6 
TNFα 0.625     
IFNγ 0.912* 0.8091    
IL-1β 0.493 0.652 0.650   
IL-6 0.247 0.261 0.517 0.572  
IL-10 0.570 -0.014 0.452 0.514 0.499 
 
Pearson correlations between ileal tissue cytokine concentrations, shown for both sexes 
combined (top), females only (middle), and males only (bottom). Significant interactions 
(p<0.05) are bolded and indicated by an asterisk.   







Table 10: Cecum tissue cytokine correlation matrix 
Cytokine CINC-1 TNFα IFNγ IL-1β IL-4 IL-6 IL-10 
TNFα 0.771       
IFNγ 0.424 0.588      
IL-1β 0.351 0.502 0.648     
IL-4 0.024 0.511 0.022 -0.181    
IL-6 -0.395 0.135 0.484 0.602 0.213   
IL-10 -0.303 0.280 0.369 0.483 0.316 0.856*  
IL-17F 0.094 0.279 0.329 0.097 0.525 0.264 -0.111 
Females CINC-1 TNFα IFNγ IL-1β IL-4 IL-6 IL-10 
TNFα 0.930*       
IFNγ 0.432 0.283      
IL-1β 0.901* 0.767 0.610     
IL-4 -0.155 -0.069 0.205 0.132    
IL-6 -0.006 -0.253 0.400 0.403 0.486   
IL-10 0.202 0.251 0.154 0.461 0.888* 0.544  
IL-17F 0.680 0.477 0.646 0.731 -0.405 0.263 -0.172 
Males CINC-1 TNFα IFNγ IL-1β IL-4 IL-6 IL-10 
TNFα 0.424       
IFNγ 0.317 -0.142      
IL-1β -0.094 -0.545 0.765     
IL-4 0.400 0.613 -0.530 -0.469    
IL-6 -0.209 -0.048 0.658 0.661 -0.395   
IL-10 0.089 0.327 0.766 0.526 -0.253 0.815*  
IL-17F -0.365 0.395 -0.549 -0.409 0.392 -0.379 -0.096 
 
Pearson correlations between cecal tissue cytokine concentrations, shown for both sexes 
combined (top), females only (middle), and males only (bottom). Significant interactions 








































































Figure 44: Concentrations of CINC-1 in liver tissue (pg/g ± S.E., n=8) in female and male rats 
fed different diets. Analysis using two-way ANOVA indicated that liver CINC-1 concentrations 








































































Figure 45: Concentrations of IFN-γ in liver tissue (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Analysis using two-way ANOVA indicated that liver IFN-γ concentrations were 











































































Figure 46: Concentrations of IL-4 in liver tissue (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Analysis using two-way ANOVA indicated that liver IL-4 concentrations were 
significantly higher in males than females (p<0.0001). In females consumption of PP diets 







































































Figure 47: Concentrations of IL-10 in liver tissue (pg/g ± S.E., n=8) in female and male rats fed 
different diets. Liver IL-10 concentrations were higher in males than females (p<0.01). This 



























































































































































































































Figure 48: Concentrations of liver TGF-β (pg/g ± S.E., n=8) in female and male rats fed 
different diets. a) Active TGF-β concentrations were not different between sexes or diets. b) 
Total TGF-β concentrations were higher in females than in males (p<0.0001). c) The ratio of 
active to total TGF-β was not different between sexes or diets.  
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IFNγ IL-1β IL-4 IL-6 IL-10 
ICAM-1 0.507          
TNFα 0.754 0.790         
Active 
TGFβ 
0.441 0.428 0.110        
Total TGFβ -0.148 0.596 0.236 -0.104       
IFNγ -0.093 0.265 0.082 0.497 -0.174      
IL-1β 0.457 0.581 0.249 0.980* 0.016 0.574     
IL-4 -0.340 -0.620 -0.616 0.250 -0.777 0.512 0.142    
IL-6 0.771 0.724 0.653 0.763 -0.058 0.333 0.813* -0.129   
IL-10 0.212 -0.189 -0.145 0.493 -0.749 0.261 0.398 0.651 0.484  
IL-17F -0.004 -0.059 -0.240 0.714 -0.562 0.756 0.667 0.807 0.427 0.767 





IFNγ IL-1β IL-4 IL-6 IL-10 
ICAM-1 -0.254          
TNFα 0.131 0.740         
Active 
TGFβ 
0.211 0.078 -0.143        
Total TGFβ -0.324 -0.355 -0.199 -0.629       
IFNγ -0.429 0.503 -0.137 0.627 -0.373      
IL-1β -0.013 0.091 0.102 0.779 -0.186 0.411     
IL-4 -0.099 -0.267 -0.574 0.832* -0.199 0.615 0.713    
IL-6 0.053 0.794 0.831* 0.127 -0.071 0.243 0.378 -0.202   
IL-10 0.046 -0.073 -0.104 0.860* -0.556 0.376 0.819* 0.748 -0.039  
IL-17F 0.222 -0.130 -0.355 0.967* -0.615 0.556 0.672 0.877* -0.128 0.860* 











IFNγ IL-1β IL-4 IL-6 IL-10 
ICAM-1 0.052          
TNFα 0.839* -0.027         
Active 
TGFβ 
0.009 0.914* -0.012        
Total TGFβ 0.582 0.578 0.613 0.705       
IFNγ -0.065 0.445 -0.229 0.375 -0.123      
IL-1β 0.235 0.623 0.186 0.862* 0.790 0.300     
IL-4 0.280 -0.921* 0.245 -0.934* -0.469 -0.380 -0.645    
IL-6 0.522 0.400 0.036 0.403 0.461 0.201 0.518 -0.187   
IL-10 -0.018 0.472 -0.517 0.394 0.058 0.338 0.289 -0.377 0.813*  
IL-17F -0.087 0.460 -0.302 0.357 -0.170 0.991* 0.247 -0.382 0.253 0.434 
 
Pearson correlations between liver tissue cytokine concentrations, shown for both sexes combined (top), females only (middle), and 








































































Figure 49: Splenic IFN-γ concentrations (pg/g ± S.E., n=8) in female and male rats fed different 
diets. Females on the PP diet had lower splenic IFN-γ concentrations than females consuming 
CP diets (p<0.01). Analysis using two-way ANOVA indicated a significant diet-sex interaction 









































































Figure 50: Splenic IL-1β concentrations (pg/g ± S.E., n=8) in female and male rats fed different 
diets. Splenic IL-1β concentrations were slightly higher in females than in males (p<0.05). 
Females on the PP diets had lower IL-1β concentrations than on CP diets (p<0.001), while IL-1β 
was slightly higher in males consuming PP diets than CP diets (p=0.06.) Analysis using two-way 







































































Figure 51: Splenic IL-6 concentrations (pg/g ± S.E., n=8) in female and male rats fed different 
diets. Females on the PP diets had lower splenic IL-6 concentrations than on CP diets (p<0.001). 









































































Figure 52: Splenic IL-10 concentrations (pg/g ± S.E., n=8) in male and female rats on different 
diets. Females on the PP diets had lower splenic IL-10 concentrations than females on CP diets 
(p<0.0001), while splenic IL-10 concentrations were slightly higher in males consuming PP diets 
than on CP diets (p=0.059). Analysis using two-way ANOVA indicated that a highly significant 



















































































































































































































Figure 53: Splenic TGF-β concentrations (pg/g ± S.E., n=8) in female and male rats on different 
diets. a) Active TGF-β concentrations in the spleen were not different between sexes or diets. 
b) Total splenic TGF-β concentrations were 2-3 fold higher in females than in males (p<0.0001). 
c) The ratio of active to total TGF-β was very different between sexes (p<0.0001); in females, 
almost all TGF-β was in its latent form, but in males almost all TGF-β was active.
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Table 12: Splenic tissue cytokine correlation matrix 





IFNγ IL-1β IL-6 
ICAM-1 -0.540        
TNFα 0.009 -0.181       
Active TGFβ 0.467 -0.512 0.205      
Total TGFβ 0.430 -0.100 -0.211 0.819*     
IFNγ 0.538 -0.073 0.480 -0.185 -0.224    
IL-1β -0.278 0.223 0.369 0.607 0.569 -0.348   
IL-6 0.384 -0.366 0.775 0.749 0.436 0.324 0.613  
IL-10 0.210 -0.193 0.766 0.729 0.445 0.176 0.760 0.969 





IFNγ IL-1β IL-6 
ICAM-1 -0.217        
TNFα -0.493 0.041       
Active TGFβ 0.252 -0.186 -0.373      
Total TGFβ 0.616 -0.039 -0.056 0.697     
IFNγ 0.182 -0.008 0.700 -0.506 0.135    
IL-1β 0.065 0.034 0.782 -0.046 0.457 0.842*   
IL-6 0.196 -0.140 0.734 -0.022 0.550 0.824* 0.945*  
IL-10 0.129 -0.089 0.764 0.004 0.526 0.823* 0.983* 0.986* 
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IFNγ IL-1β IL-6 
ICAM-1 -0.314        
TNFα 0.870* -0.025       
Active TGFβ 0.568 -0.277 0.602      
Total TGFβ -0.047 -0.419 -0.400 0.326     
IFNγ 0.529 0.137 0.391 -0.355 -0.369    
IL-1β -0.176 -0.703 -0.381 -0.015 0.520 -0.246   
IL-6 0.695 -0.835* 0.515 0.576 0.243 0.085 0.523  
IL-10 0.377 -0.737 0.146 0.065 0.227 0.293 0.791 0.799 
Pearson correlations between splenic cytokine concentrations, shown for both sexes (top), females (middle), and males (bottom). 




Table 13: Effects of diet on hematological cell counts in female and male Sprague-Dawley rats1 
Cell Type Sex CP-CS CP-HAMS CP-PS PP-CS PP-HAMS PP-PS 
Red blood cells2 
Females 7.3 ± 0.06 7.6 ± 0.14 7.6 ± 0.23 7.5 ± 0.15 7.5 ± 0.16 7.4 ± 0.14 
Males 8.3 ± 0.41 8.1 ± 0.19 8.4 ± 0.2 7.7 ± 0.3 8.1 ± 0.22 8.1 ± 0.19 
White blood cells3 
Females 3.1  ± 0.57 3.8 ± 0.59 3.5 ± 0.49 3.2 ± 0.55 4.2 ± 0.42 3.6 ± 0.54 
Males 5.6 ± 0.66 5.3 ± 0.69 5.5 ± 0.92 5.6 ± 0.94 5.6 ± 0.63 5.4 ± 0.61 
Lymphocytes4 
Females 75.2 ± 1.64 74.6 ± 2.82 75.3 ± 1.27 73.6 ± 1.65 76.3 ± 1.44 75.7 ± 1.59 
Males 78.8 ± 1.9 77.4 ± 1.09 76.2 ± 1.4 75.3 ± 1.52 72.3 ± 1.82 75.9 ± 1.38 
Macrophages4 
Females 4.3 ± 0.12 4.1 ± 0.58 4.9 ± 0.56 6.1 ± 0.63 4.2 ± 0.29 5.1 ± 0.59 
Males 5.7 ± 0.7 5.1 ± 0.53 6.1 ± 0.8 5.6 ± 0.91 6.3 ± 0.82 5.6 ± 0.4 
Neutrophils4 
Females 17.2 ± 1.3 17.7 ± 2.4 16.6 ± 1.02 17.2 ± 0.9 16.9 ± 1.43 16.5 ± 1.29 
Males 12.9 ± 1.17 14.9 ± 1.02 14.6 ± 0.76 16.6 ± 1.07 18.8 ± 1.69 15.9 ± 1.02 
Eosinophils4 
Females 2.9 ± 0.48 2.4 ± 0.31 2.7 ± 0.3 2.7 ± 0.27 2.3 ± 0.22 2.3 ± 0.21 
Males 2.2 ± 0.38 2.2 ± 0.34 2.7 ± 0.33 2.0 ± 0.19 2.3 ± 0.17 2.3 ± 0.32 
Basophils4 
Females 0.3 ± 0.04 0.3 ± 0.01 0.4 ± 0.04 0.4 ± 0.05 0.4 ± 0.06 0.4 ± 0.07 
Males 0.3 ± 0.03 0.4 ± 0.04 0.3 ± 0.05 0.4 ± 0.06 0.3 ± 0.03 0.3 ± 0.04 
 
1Populations of blood cells were determined using an Ac•T 5diff Cap Pierce hematology analyzer. Total populations of red and white 
blood cells were higher in males than in females, and the proportion of macrophages was also higher in males. 
2 Number of red blood cells (1012 cells/L) 
3 Number of white blood cells (109 cells/L) 





































































































































































































Figure 54:  Ex-vivo whole blood TLR stimulation assay: cytokine concentrations (pg/mL 
± S.E., n=8) in control unstimulated blood. a) CINC-1 production in whole blood cultures 
from females was higher than in cultures from males (p<0.05). b) TNFα production was 
not affected by diet and did not differ between sexes. c) IL-1β production was not 
affected by diet and did not differ between sexes. d) IL-10 production did not differ 








































































































































































Figure 55: LPS-induced cytokine production in an ex-vivo whole blood TLR stimulation 
assay was not affected by diet and did not differ between sexes.  Cytokine concentrations 
are shown in pg/mL ± S.E., (n=8). a) CINC-1 production b) TNFα production c) IL-1β 























































































































































































Figure 56: Total plasma IgM and anti-KLH-specific IgM concentrations (n=8) in female 
and male rats consuming different diets. a) Total IgM concentrations were higher in 
females than in males (p<0.001). b) Anti-KLH IgM concentrations were higher in 
females than in males (p<0.001). c) The proportion of KLH-specific IgM did not differ 















































































































































Figure 57:  Total plasma IgG and anti-KLH-specific IgG concentrations (n=8) in female 
and male rats consuming different diets. a) Total IgG concentrations (µg/mL ± S.E.) were 
slightly higher in females compared to males (p<0.065). b) Anti-KLH IgG concentrations 
were slightly higher in females than males (p<0.057). c)   The percentage of KLH-
specific IgG did not differ between sexes or diets.   
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Figure 58: The effects of diet and gnaw sticks on weight gain and growth over time in 
female and male rats (g± S.E.). a) Males grew larger and gained more weight than 
females on all diets (n=56). b) Diet type or gnaw stick inclusion did not affect weight 
gain in females (n=8). c) Diet type or gnaw stick inclusion did not affect weight gain in 
males (n=8).   
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Figure 59: Food consumption (g/rat/day) for rats with and without access to gnaw sticks. 
a) Females with gnaw sticks began to eat more food than the control group after week 3. 






















Figure 60: Total cecal SCFA concentrations (µmol/gww ± S.E., n=8) in rats with and 
without access to gnaw sticks. Total cecal SCFA concentrations were significantly lower 
in males with gnaw sticks than in controls, but this effect was not observed in females. 























































Figure 61: Cecal SCFA concentrations in rats with and without access to gnaw sticks.  a) 
Males with gnaw sticks had significantly lower concentrations of cecal acetate 
(µmol/gww ± S.E., n=8) than males without (p<0.05). b) The addition of gnaw sticks led 

































































































Figure 62: Cecal BCFA concentrations in female and male rats with and without access 
to gnaw sticks. a) Total BCFA concentrations (µmol/gww ± S.E., n=8) were higher in 
males than females, and a GS-sex interaction was observed for total BCFA (p<0.05).  b) 
The proportion of total BCFA, iso-butyric and iso-valeric acids was increased in males 
with access to gnaw sticks. Letters indicate differences between groups determined using 

















































Figure 63: T tal Fecal SCFA concentrations (µmol/gww ± S.E., n=8) in female and male 






































Figure 64: Fecal SCFA profiles in female and male rats with and without access to gnaw 
sticks. a) Mean fecal acetate, propionate, and butyrate concentrations (µmol/gww ± S.E., 
n=8). There was a significant difference in fecal butyrate concentrations between females 
with and without access to gnaw sticks; this difference was not seen in males). b) The 
proportion of fecal acetate was affected differently between sexes when given gnaw 


























































































Figure 65: Fecal BCFA profiles in female and male rats with and without access to gnaw 
sticks. a) Fecal BCFA concentrations (µmol/gww, ± S.E., n=8) differed between sexes, 
but did not differ with access to gnaw sticks. b) The proportion of fecal BCFA was not 
significantly affected by gnaw sticks in either sex. Letters indicate significant differences 
between groups determined using Tukey’s multiple comparisons test.  
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Figure 66:  IFN-γ concentrations in ileal tissue (pg/g, ±S.E.) in female and male rats fed 
an AIN-93G diet with or without access to gnaw sticks. Significant differences between 














Figure 67: IFN-γ concentrations in cecal tissue (pg/g ± S.E.) in female and male rats fed 
an AIN-93G diet with or without access to gnaw sticks. The effect of GS was different 















Figure 68: IFN-γ concentrations in liver tissue (pg/g ± S.E.) in female and male rats fed 
an AIN-93G diet with or without access gnaw sticks. Concentrations of IFN-γ were 














Figure 69: Cecal IL-1β concentrations (pg/g tissue ± S.E.) in female and male rats fed an 
AIN-93G diet with or without access to gnaw sticks. There is a significant difference 















Figure 70: Splenic IL-1β concentrations (pg/g ± S.E.) in female and male rats fed an 
AIN-93G diet with or without access to gnaw sticks. A significant difference was 
















Figure 71: Splenic IL-6 concentrations (pg/g ± S.E.) in female and male rats fed an AIN-
93G diet with or without access to gnaw sticks. Female control rats had higher 

















Figure 72: Splenic IL-10 concentrations (pg/g ± S.E.) in female and male rats fed an 
AIN-93G diet with or without access to gnaw sticks. A significant difference was 
















Figure 73:  IL-10 concentrations in liver tissue (pg/g ± S.E.) in female and male rats fed 
an AIN-93G diet with or without access to gnaw sticks. Concentrations of IL-10 were 




Chapter 4. Discussion  
Impact of diet on fermentation and physiology 
The impact of resistant starch on host health and microbial fermentation has been 
long been a topic of investigation, however comparatively few studies include sources of 
dietary protein as a variable [113]. The focus of this thesis is the impact of resistant 
protein and dietary fermentable carbohydrates on the immune system, although the 
physiological outcomes of the dietary interventions must first be described. There has 
been some research on the effects of dietary protein, particularly red meat. These studies 
found that excessive consumption of red meat can increase the risk of colorectal cancer 
(CRC), cardiovascular disease, and cause renal dysfunction [117-119], but the inclusion 
of dietary resistant starch could ameliorate these effects [120, 121]. This may be due to 
diet-induced changes in gut bacterial community composition or metabolism [122], or 
from the physical interactions between protein and starch molecules [123, 124]. Protein 
fermentation can produce a variety of metabolites such as BCFA, ammonia, indoles, and 
N-nitrosocompounds (NOC) which may have their own effects in the gut [119]. Wang et 
al (2011) showed that gut microbes metabolize dietary phosphatidylcholine to produce 
tri-methylamine (TMA) [125], which contributes to cardiovascular disease development 
[126]. In contrast to these studies, our study was designed to investigate the impact of 
potato protein supplementation with dietary fermentable carbohydrates on the immune 
system, by increasing the availability of peptidyl nitrogen in the colon. In contrast to 
studies that use high-protein diets, these diets were designed to substitute an equal 
amount of digestible protein for resistant protein, and or indigestible cellulose for 
resistant starch. Our findings indicate that cecal weights increased with resistant starch 
content when rats are fed casein protein, but not potato protein, suggesting that the 
resistant protein arrived at the colon intact for fermentation. 
In an azoxymethane-induced model of colorectal carcinoma (CRC) using male 
Sprague-Dawley rats, Le Leu [120] showed that digestion-resistant potato protein can 
also contribute to the development of small-intestinal neoplasms and adenocarcinomas. 
The same study showed that feeding HAMS decreased signs of CRC, and the authors 
attributed this finding to the production of SCFA, lower concentrations of phenols and 
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reduced β-Glucuronidase activity.  The authors postulated that increased protein 
fermentation alone in the colon would increase tumorigenesis through the accumulation 
of aromatic by-products, but observed that the addition of resistant starch had protective 
effects against CRC. In a later publication, the same group showed butyrate production 
was responsible for the protective effect against CRC, using different preparations of 
HAMS with different availabilities of RS2 [23]. Although both the protein and starch 
supplementation and base diets between the studies of Le Leu et al (AIN76a) and this 
current work (AIN93g) were different, similar trends between fermentation profiles were 
observed in the cecal and fecal contents. Potato protein increased concentrations of both 
total SCFA and BCFA, and production shifted from acetate to butyrate when both 
resistant protein and starch were available. Resistant starch had a significant effect on the 
total amount of fecal SCFA, mostly due to HAMS increasing the production of fecal 
acetate. Our study design involved two forms of resistant starch (RS), with different 
bioavailabilities of RS2 – HAMS (~5%) and potato starch (~2.5%) – and the differences 
in cecal SCFA production in rats on these diets suggest that the source of dietary starch  
may be more important than overall resistance to digestion, in terms of fermentation. 
Carbohydrates are fermented preferentially over protein [127], and increased dietary 
starch will reduce protein fermentation [128]. This was previously demonstrated in vitro 
using inocula from the large intestine of pigs; the addition of resistant starch increased 
SCFA, decreased BCFA and free ammonia concentrations, and increased the proportion 
of Bifidobacterium spp. and Lactobacillus spp [129]. However, that study did not 
investigate the impact of different sources of protein on microbial fermentation products. 
Our study showed that diets containing resistant protein led to increased total cecal SCFA 
and BCFA, as well as fecal BCFA, although we did not investigate purported negative 
measures of protein fermentation such as free ammonia and phenol concentrations.  
The effects of diet are not limited to the gut, as differences in circulatory enzyme 
concentrations were correlated to consumption of resistant protein. Elevated liver release 
of ALT and AST into the bloodstream are markers of hepatic damage [130]. It was 
previously reported that diets with high glycemic indexes or high in fat will increase 
serum ALT and AST [131-133]. The results of our study show that while levels of 
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circulating ALT and AST increased when rats consumed diets supplemented with 
resistant potato protein, the AST/ALT ratio was lower than in rats consuming the casein 
protein diets. In humans an AST/ALT ratio greater than 1 is usually related to long term 
liver disease and damage, while a ratio less than 1 reflects viral infections such as 
hepatitis [130]. This suggests that the rats consuming diets with resistant protein had 
lower chronic liver stress than rats consuming casein protein. Dietary supplementation 
with 20% protein (from Panicum miliaceum aka proso millet) had protective effects 
against D-galactosamine-induced liver damage, but not against damage caused by carbon 
tetrachloride [134]. The authors suggest that this protective effect of millet protein was 
due to dietary resistance to digestion, and a slower release of amino acids over time. 
Indeed, branched chain amino acids and ketoacids are known to attenuate liver disease 
[135, 136].  
Concentrations of BUN were determined for rats on each diet, to investigate the 
relationship between protein fermentation and urea cycling. In the liver, amino acids are 
catabolized to produce ammonia which is quickly combined into urea and transported 
through the blood for excretion via the kidneys. When sources of nitrogen are depleted in 
the colon, urea from the host can be utilized by gut bacteria [113], and the amount of urea 
cycling is inversely related to dietary protein intake [137]. The result of the current study 
indicated that BUN was lower in females consuming the resistant protein diets. This is 
likely due to the resistant protein bypassing digestion and absorption through the hepatic 
portal vein, and passing directly into the proximal colon.  Diet did not affect the 
concentration of BUN in males although it was significantly lower in males than in 
females, regardless of diet. Overall the inclusion of resistant protein to the diet increased 
bacterial markers of protein fermentation, and changes in BUN suggests some sex-based 
differences in metabolism. However, the focus of this thesis is not to describe the impact 
of resistant protein and DFM supplementation on microbial fermentation and metabolism, 
but rather the impact on the immune system and to determine whether there are 





Impact of diet on immune measures 
Dietary macromolecules such as resistant starch are able to influence the immune 
system through several mechanisms, including direct activation of pattern recognition 
receptors (PRRs) including TLRs, microbial community modulation, and by increasing 
production of SCFA [5, 29, 138, 139]. Resistant starches and soluble fibers can directly 
interact with TLR in a starch-type dependent manner, to attenuate pro-inflammatory 
cytokine expression [140]. Resistant starch has also been shown to suppress gut 
inflammation in IL-10 deficient mice (IL-10 -/-) through the expansion of T regulatory 
cells, upregulation of peroxisome proliferator-activated receptor (PPARγ), and reduction 
of IFN-γ producing CD4+ TH1 cells [141]. In addition to interactions with TLR, resistant 
starches are metabolized by gut microbes into SCFA, which are known to influence 
immune cells through G-protein coupled receptors (GPR). For example, potato starch 
fermentation increases butyrate production, which can inhibit in vitro type-1 (TH1) 
immune responses through inhibition of IL-2 and IFN-γ production in concanavalin A-
stimulated lymphocytes [142]. Acetate and propionate can partly mitigate butyrate’s 
inhibitory effect on IL-2 production, and can prevent butyrate-mediated inhibition of 
IFN-γ production [142]. Thus the production of SCFA can contribute to both pro-
inflammatory and regulatory immune mechanisms. 
SCFA can activate GPR41 and GPR43 expressed by intestinal epithelial cells to 
recruit leukocytes and promote the release of cytokines [143]. Tan et al (2016) showed 
that in mice, high fiber diets act via GPR43 or GPR109a on dendritic cells to induce oral 
tolerance through Treg differentiation and by driving IgA production instead of IgE 
production [62]. To augment these findings, the same group later observed that SCFA, 
specifically butyrate, can induce vitamin A-converting enzyme (RALDH1) expression 
from intestinal epithelial cells, which is required for dendritic cells to promote Treg 
differentiation [144].  Another study investigated the effect of type-4 resistant starch 
(RS4) on immune measures in the MLN of Sprague-Dawley rats, and found significantly 
higher numbers of CD4+ T-helper cells and IgA concentrations [145]. In the present 
study, we observed that digestion-resistant protein had an effect on MLN cell 
populations, which was not present in the spleen. Rats consuming potato protein had a 
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lower proportion CD4+ T cells, increased percentages of CD8+ cytotoxic T cells and a 
slight increase in percentages of Treg cells in the MLN than rats consuming casein 
protein diets. Potato protein-fed rats also had higher plasma IgA concentrations than rats 
consuming casein protein, indicating effects at the systemic level. Despite the results of 
the previously referenced studies [62, 145], we observed that dietary protein source had 
the most effect on MLN lymphocyte cell populations, and resistant starch had little effect.  
In contrast, in a pig model, Nofrarias et al (2007) showed that long term consumption of 
raw potato starch decreased peripheral CD4+ T-helper cell populations, and improved 
mucosal barrier integrity [146].  Despite these differences in the relative impact of RS, 
overall these studies provide evidence that the addition of dietary fermentable materials 
can influence immune activity, and our findings suggest that diets with different 
combinations of resistant starch and protein have distinct effects on immune cell 
populations at the local (MLN) level and on IgA production 
Cytokine concentrations were determined in cecal, ileal, liver and splenic tissues, but 
were not determined for the MLN or colon due to restrictions on laboratory access during 
the COVID-19 pandemic.  Production and relative ratios of the IFN-γ and IL-4, signature 
TH1 and TH2 cytokines respectively, were determined as these measures can provide 
insight into effects on the type of immune response and the potential for antibody class 
switching in response to a T cell-dependent antigen.  There was however no difference in 
the ratio of IFN-y and IL-4 in cecal or liver tissues between rats on different diets or 
between sexes.  Samples were collected one week after the 2nd (booster) dose of KLH, 
and it is possible that sampling at an earlier time point, closer to the time of KLH-specific 
T cell activation, would have revealed differences. It is also possible that diet-induced or 
sex-based differences may be apparent at the MLN. It should be noted that liver IFN-γ 
and IL-4 concentrations were lower in females than males, and also that feeding resistant 
protein diets reduced liver IL-4 concentrations compared to the effect of diets containing 
casein protein.  
The largest impact of diet on tissue cytokines was observed in the ileum. Rats fed 
potato protein diets had higher concentrations of pro-inflammatory cytokines CINC-1, 
TNF-α, and IL-1β. The effect of resistant protein and resistant starch fermentation on 
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colon cytokine concentrations was not determined due to the COVID-19 pandemic. The 
comparison between ileum and colonic cytokine profiles would highlight the different 
effects of dietary materials at proximal and distal locations of the GI tract. The resistant 
protein diets were intended to increase the protein availability in the colon, instead of the 
small intestine. Indeed, markers of microbial protein fermentation were higher in the 
cecum and feces, and plasma BUN concentrations were lower in female rats consuming 
resistant protein diets. A similar study noted that the small intestine was more vulnerable 
to tumorigenesis than the colon, although protein fermentation occurs in the colon [120]. 
This is likely due to the effect of butyrate, a potent histone deacetylase inhibitor 
(HDACi), on endothelial cells. Butyrate can promote metabolic activity through the 
upregulation of mitochondrial genes related to function and protection oxidative stress, 
and has regulatory properties to reduce pro-inflammatory cytokine production in response 
to LPS challenge [147].   
In the cecum, concentrations of the regulatory cytokine IL-10 were lower in rats 
consuming resistant potato protein than in those consuming casein protein. It was 
interesting to observe that the diet associated with the lowest concentration of cecal IL-10 
was the PP-PS diet, which also led to production of the highest concentration of cecal 
SCFA. IL-10 is a TH2 cytokine (also produced by macrophages) that is integral to 
establishing selective tolerance to antigens and down-regulating immune responses [148]. 
The difference in IL-10 may have been induced by changes in microbial community 
metabolism [149]. It has been shown that colonization of commensal bacteria such as 
Bacteroides fragilis and Clostridium can induce Treg differentiation and IL-10 
production [150, 151]. 
The liver acts as a firewall for commensal gut bacteria and microbe-derived 
products, stopping them from entering into circulation [69]. The liver tissue cytokines 
were most affected by the resistant starch diets, although cytokine concentrations did not 
correlate with increased dietary starch resistance and they were affected by protein-starch 
interactions. For example, liver IL-6 was higher in rats consuming PP-HAMS, but not 
CP-HAMS. Cytokine concentrations and correlations in the liver and spleen were 
different between sexes and will be described later. 
128 
 
Tissue cytokine profiles are useful for interpreting the effect of diet on cellular 
activity, but are limited in measuring true innate or adaptive immune activity. For this 
reason, a sample of whole blood was collected and cultured for 20 hours to investigate ex 
vivo cytokine release in response to a TLR4 agonist, LPS. This assay has been used 
before to investigate TLR function, cytokine kinetics, and to determine whether diet can 
affect peripheral immunity [108, 109, 152]. The release of cytokines was not attenuated 
by diets. As anticipated, IL-1β and IL-10 release was induced by LPS, but CINC-1 
concentrations were not affected, and TNF-α concentrations were surprisingly lower in 
the plasma from LPS-stimulated cultures. The reduction in TNF-α concentrations may be 
due to the duration of the assay, as TNF-α is a fast acting inducer of inflammation with a 
high turnover rate, [153, 154] and it is possible production peaked before the supernatants 
were collected. Due to the small amount of available blood, the only TLR ligand tested 
was LPS (a TLR4 ligand), but in a clinical study from our research group by Clarke et al, 
(2016), Pam3Cys (a TLR2 ligand) was also tested. Clarke et al observed that IL-10 
production induced by Pam3Cys was significantly higher in humans fed β2-1 fructan 
supplements, indicating an increased sensitivity to microbial products [108]. Clarke also 
previously investigated a range of TLR ligands in rat whole blood cultures, but only 
observed dietary differences in IL-10 release in response to LPS [111]. 
In our study, there was a difference in baseline IL-10 concentrations from whole 
blood cultures between rats consuming the CP-HAMS and PP-HAMS diets, which could 
be due to resistant starch-derived molecules acting on Toll-like receptors [52]. Dietary 
fibers such as pectin can selectively inhibit the dimerization of TLR2 with TLR1, 
preventing the signal transduction pathway that promotes pro-inflammatory cytokine 
gene expression without affecting TLR2-TLR6 tolerogenic pathways [155]. Overall, in 
the present study, diet did not affect the innate immune response induced by LPS, but 
may have had an effect on constitutive IL-10 concentrations. 
The effect of diet on adaptive immunity was investigated using systemic 
immunization with KLH, a T-cell dependent antigen. Concentrations of circulatory 
antibodies were determined at the study’s endpoint, following a primary and secondary 
(booster) dose of KLH over a two week period. The effects of diet on kinetics of antibody 
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production was not determined in order to minimize stress on the rats from blood sample 
collection. It was mentioned earlier that rats consuming resistant protein diets had higher 
levels of total circulatory IgA, but the production of anti-KLH-specific IgA was not 
affected by diet. IgA can also be produced through a T-cell independent antibody 
response; however, this is usually accompanied by an expansion in splenic B cells 
producing IgA and IgM [156], which was not observed in our study. Constitutive IgA 
produced in the gut binds microbes with low specificity and also aids opsonisation by 
Kupffer cells in the liver to promote bacterial clearance without inflammation [157]. The 
diets did not affect circulating concentrations of total or anti-KLH specific IgM, IgG, or 
any IgG subclasses measured.  
A current limitation in the analysis of these results is that the translocation of 
bacterial products into the blood was not determined. The concentration of circulating 
bacterial endotoxins (such as LPS) can be measured to determine differences in microbial 
product translocation and gut barrier integrity. LPS is associated with gut barrier failure 
and increased microbial product translocation [169]. The Limulus Amebocyte Lysis 
(LAL) assay can be used to detect plasma endotoxins, although bacteria produce a 
heterogeneous mix of LPS with different affinities to receptors [158], so it can be more 
effective to measure response proteins such as acute inflammatory protein c-reactive 
protein (CRP) or lipopolysaccharide-binding protein (LBP) [170]. These proteins are 
elevated in response to endotoxin translocation and can provide an easier and more 
sensitive measure of microbial product translocation and provide information about gut 
permeability [159]. It would be interesting if this approach could link the protein-based 
observations of increases in microbial fermentation, systemic liver enzyme 
concentrations, ileal pro-inflammatory cytokine concentrations, and circulatory IgA, with 
increased microbial product translocation or decreased gut permeability. However, due to 







Sex-based differences in fermentation and immune measures 
The results described to this point were consistent in both sexes, unless otherwise 
specified. However, several differences between sexes were observed in fermentation 
products, serum biochemistry, and immune measures. The males grew larger and 
consumed more food than the females, so the cecal and fecal SCFA were measured per 
gram of wet weight of materials for comparison. The total amount of cecal BCFA was 
higher in males than in females, but the relative proportion of BCFA was similar between 
sexes. Sex-based differences in fecal fermentation have been shown before with 
oligofructose, a rapidly fermented substrate [75]. In contrast, our study used resistant 
protein and starch diets and we observed changes in cecal fermentation profiles but not 
fecal fermentation profiles between sexes. Thus there may be differences in cecal 
microbial protein metabolism between sexes, but not in the colon. 
A difference was observed in the serum biochemistry measures between sexes, 
specifically in ALT and BUN concentrations. ALT is released into the blood from the 
liver as a sign of acute hepatocyte injury, and ALT levels were increased by resistant 
protein diets [130]. BUN levels are increased due to branched-chain amino acid 
catabolism in the liver and BUN is usually excreted through the kidneys [130], but can be 
siphoned into the colon as a source of nitrogen [113]. Consumption of resistant protein 
influenced the release of ALT into circulation in females more than in males, suggesting 
that the liver of female rats was more sensitive to the differences in dietary protein. 
Females consuming resistant protein had significantly lower BUN than females 
consuming casein protein. These results indicate differences in protein absorption and 
utilization in the small intestines of female and male rats. Indeed the concentrations of 
ileum tissue IL-1β, IL-6, and IL-10 were higher in females than in males. 
In addition to comparing diet-associated differences in tissue cytokine 
concentrations, sex-based dimorphisms in tissue cytokine correlations were also 
examined. This approach was useful because some cytokines act pleiotropically in 
different locations or when in combination with other cytokines. When data from both 
sexes was combined, the correlations between cytokines did not accurately reflect the 
data for either sex on its own in any of the tissues. This emphasizes that data obtained 
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from female and male rats should be considered separately and analyzed before being 
combined. It has been reported that immune responses in females can be more aggressive 
and robust than those in males, leading to faster clearance of pathogens [160]. While 
historically it has been known that the sex hormones testosterone and estrogen 
respectively promote TH1 and TH2 immune responses, recent evidence indicates that 
IFN-γ and IL-6 have sex-specific pathways for immune regulation in men and women 
[161]. However this was shown in the contexts of aging and immune senescence. As 
differences between sexes become more pronounced over time due to changes in 
hormone concentrations and gene expression, differences in immune cell populations and 
responsiveness contribute to differences in disease vulnerability between sexes [162].    
In the liver, males had higher concentrations of both TH1 and TH2 cytokines than 
females. It was interesting to observe that in the liver, levels of the TH2 cytokine IL-4 
were significantly lower in females consuming resistant protein, while the signature TH1 
cytokine, IFN-γ, was not affected. However the most significant difference between sexes 
was observed in TGF-β concentrations. In both the liver and spleen, females had 
significantly more latent TGF-β, although the active TGF-β concentrations were not 
significantly different between sexes. TGF-β is produced by a variety of cell types, and 
primarily acts to regulate immune responses from T lymphocytes. It is also a key 
cytokine involved in maintaining a tolerant immune environment in the liver [68, 
163].While the molecular mechanisms underlying TGF-β regulation of immune activity 
are not fully understood, its importance was highlighted in TGF-β-deficient (TGF-β-/-) 
mice who spontaneously develop multifocal inflammatory disease with associated 
increases in pro-inflammatory cytokine production. TGF-β inhibits T cell activation 
through inhibition of IL-2 and parallel pathways that promote proliferation, and inhibits 
the differentiation to both TH1 and TH2 cell types. While TGF-β does not have a strong 
inhibitory effect on mature activated TH1 and TH2 cell activity, it reduces IFN-γ 
production and promotes IL-10 production [164]. The accumulation of latent TGF-β in 
the female liver and spleen may help prime the immune system to dampen or regulate an 
immune response [165].  
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In the spleen, it was observed that cytokine concentrations were affected differently 
by resistant protein consumption in females and males. It was observed that splenic 
concentrations of IFN-γ, IL-1β, IL-6, and IL-10 were significantly lower in females 
consuming potato protein compared to casein protein, while cytokine concentrations were 
slightly higher in males consuming the potato protein. While it is difficult to say with 
certainty what mediated these changes, it is possible that a reduction in IFN-γ production 
from TH1 cells could lead to less production of IL-1β, IL-6, and IL-10 from other cell 
types such as macrophages and monocytes [166]. It was interesting to observe diet-sex 
interactions affecting cytokine production in a systemic tissue such as the spleen, 
although there were no difference in splenic cell populations due to diet or sex. In the 
blood, males had a higher proportion of macrophages than females, which are major 
producers of cytokines [166], although no differences in cytokine production profiles 
were observed between sex in the ex vivo whole blood stimulation assay. 
While no difference was observed between sexes in the innate immune measure, sex-
based differences were apparent in adaptive immunity. Female rats had higher 
concentrations of total and anti-KLH IgM and IgG than males. This is consistent with 
literature reports [165], and the female disposition to a TH2 phenotype, although immune 
homeostasis requires a dynamic balance between TH1 and TH2 responses. 
Overall, the differences between sexes stem from a few factors. The X chromosome 
provides more utility to females than the Y chromosome provides males, and this can 
contribute to heightened immunity [91]. Additionally, female mammals take on the 
responsibility of reproduction and pregnancy, so they require increased vigilance against 
infection [167]. The predominantly female hormone estrogen promotes TH2 
development, whereas androgens drive TH1 immunity [168]. Ultimately this contributes 
to different pathways of immune activation and regulation which cause differences in 
response to diet and measures of immunity between sexes. For this reason the differences 






The effect of gnaw sticks on selected immune measures in female and male rats 
The final objective of this thesis was to investigate the impact of nylon gnaw sticks 
on immune measures. To the best of our knowledge, this is the first study investigating 
whether the inclusion of gnaw sticks in study design could affect biochemical and 
immunological measures. The manufacturer, Bio-Serv®, cites two studies from the 1990s 
that reported no negative effect on body weight, food consumption, or induction of 
intestinal lesions [98, 99]. However, neither study is publically available, although access 
to the data has been requested. Nylon is considered indigestible, inert, and can provide 
bulk when passing through the GI tract, which is a similar property to dietary fiber. Our 
preliminary investigation revealed that there were differences in fermentation profiles and 
tissue cytokine concentrations between rats with and without access to gnaw sticks, and 
that this effect contributed to statistical differences in males and females. 
There was no difference in weight gain between rats with and without access to gnaw 
sticks, although the calculated food consumption was differently affected between sexes. 
While our experimental design did not include observational measures such as activity 
scores to explain feeding habits, it was observed that female rats with gnaw sticks ate 
significantly more food between the third and eighth week of the study than the control 
females, and male rats with gnaw sticks consumed slightly less than their counterparts. 
As behavioral differences between sexes are not within the scope of this study, whether 
they contribute to this difference in food consumption is currently unknown. 
It was observed that the inclusion of gnaw sticks decreased the concentration of cecal 
and fecal acetate in males, but not in females. While protein fermentation was higher in 
males overall, based on BCFA production, there was a significant increase in the relative 
proportions of BCFA between male rats with GS and controls. If the addition of gnaw 
sticks can affect cecal and fecal fermentation profiles, it could have an effect on 
gastrointestinal homeostasis and immune function. Indeed, there were differences in 
tissue cytokine concentrations between rats with and without gnaw sticks. The 
differences were observed between females and males in both gut local and systemic 
tissues without a consistent pattern. In some cases, cytokine levels were decreased by 
gnaw sticks in one sex but not the other, such as ileum IFN-γ. In contrast, cecal IFN-γ 
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concentrations decreased in females but increased in males with access to gnaw sticks, 
and liver IFN-γ levels were doubled in both sexes given gnaw sticks. Altogether, the 
results indicate that not only can gnaw sticks affect immune measures, but the effects are 
unequal between sexes. This observation is also relevant to all manner of rodent studies 
that use gnaw sticks and investigate sex-based differences in biochemical or 
immunological measures. 
As this was a preliminary study of the effect of gnaw sticks on the immune system, 
only tissue cytokine concentrations were investigated. Due to the observed differences in 
cytokines, it retrospectively would have been ideal to use flow cytometry for 
immunophenotyping and collect blood for the ex vivo TLR stimulation assay and 
antibody analysis. However, this was not possible at the time given the available 
resources and the focus of the study. This need not be a limitation of the current study, 
but rather can serve as a starting point for another investigation into the effects of dietary 
resistant materials such as starches, proteins, and possibly microplastics. 
Future research 
            As with most scientific studies, observations that answer one question can create 
several more. While a key goal of this study from a nutritional and microbiological 
perspective was to examine the effects of increased availability of peptidyl nitrogen in the 
colon, our findings regarding the immune outcomes suggest that dietary protein can 
modulate immune cell subpopulations and production of immune mediators. It was 
observed that resistant protein had statistically significant effects on a variety of local and 
systemic measures, although this effect was moderated by dietary starch source. It 
remains a question whether the absolute resistance to digestion is more important, or the 
dietary source of protein. Plant-based proteins such as pea protein and mung bean have 
received a lot of attention for their integration into “plant-based meats.”  Comparing the 
effect of resistant potato protein and other commercially available proteins on the 
immune system could help experts in nutrition, policy makers and the public make 
informed decisions regarding nutrition and food supplementation. 
In addition, our results contribute to the growing body of evidence that sex-based 
differences can affect outcomes in nutritional and immunological studies. This study 
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confirms that the addition of resistant protein to the diet had different effects between 
females and males, but it does not answer why or how this effect occurs. Continuing to 
address these differences may offer insight into sex-specific pathways for immune 
regulation, and provide strategies to target diseases that affect females and males 
differently. 
One of the most important observations of the study was the impact of gnaw 
sticks on immune measures. This warrants a future investigation into the impact of gnaw 
sticks and other environmental enrichment tools. Studies with gnaw sticks could readily 
be conducted concurrently with other studies investigating effects of protein fermentation 
or dietary substrates. Future studies should test the full range of available immune 
measures to determine to what extent gnaw sticks can affect immunity. 
Conclusion 
            The impact of resistant protein supplementation with dietary fermentable 
materials had different effects on immune measures between females and males. 
Consumption of potato protein caused measurable changes in cell populations, tissue 
cytokines, and adaptive immunity. Although innate immunity was not measurably 
affected in the context of our ex vivo whole blood TLR analysis, only responses to LPS 
were examined, and a wider range of TLR ligands could be investigated to further 
explore this key aspect of host defense. Finally, our findings indicate that in the future, 
inclusion of gnaw sticks should be used with caution and their impact, especially in the 
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